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Summary  
Global change phenomena, such as forest disturbance and land-use change significantly 
affect elemental balances as well as the structure and function of terrestrial ecosystems. 
Inappropriate land management often causes nutrient losses and finally soil degradation and 
loss of soil functioning. Especially in tropical ecoregions, soil degradation by nutrient loss-
es is widely abundant. Soil microorganisms are the proximate agents of many processes 
performed in soils and are regarded as sensitive bio-indicators. However, the incorporation 
of microbial responses to the definition of critical soil conditions is not intensively devel-
oped.  
In the present thesis, several data analyses of the relationships between ecosystem disturb-
ance and land-use change (natural forest, pastures of different ages, secondary succession) 
and a diverse set of soil ecological characteristics in the tropical mountain rainforest region 
of southern Ecuador were compiled. In particular, it was tested whether soil microbial bio-
mass and community functioning were sensitive to land-use change effects. Furthermore, 
an information-theoretic approach was applied to find the factors that regulate soil microbi-
al biomass and community function. Finally, in a nutrient enrichment experiment the 
above- and belowground responses to N and P additions were examined. The tested re-
search questions and results were linked to the theory of ecological stoichiometry in order 
to connect the research to a sound and unifying scientific basis.  
Soil and microbial stoichiometry were affected by both land-use change and soil depth. Af-
ter forest disturbance, significant decreases of soil C:N:P ratios at the pastures were fol-
lowed by increases during secondary succession. Microbial C:N ratios varied slightly in 
response to land-use change, whereas no fixed microbial C:P and N:P ratios were observed. 
Shifts in microbial community composition were associated with soil and microbial stoi-
chiometry. Strong positive relationships between PLFA-markers 18:2n6,9c (saprotrophic 
fungi) and 20:4 (animals) and negative associations between 20:4 and microbial N:P point 
to land-use change affecting the structure of soil food webs. Significant deviations from 
global soil and microbial C:N:P ratios indicated a major force of land-use change to alter 
stoichiometric relationships and to structure biological systems. Data analysis reveals a 
strong impact of land-use change on soil microbial biomass, C-mineralization, gross-NH4-
consumption and –production rates. According to the results of the IT-approach, combined 
models better describe effects of land-use change on soil microorganisms than single ex-
planation models. Microbial resources and soil chemical environment were important pre-
dictors for soil microbial biomass and community functioning.  
Little is known about the environmental drivers of the catalytic properties of EHEs (e.g., 
pH, nutrients) and their functional link to the structure of soil microbial communities. The 
activities of the six hydrolytic enzymes were tested. Microbial production of AP responded 
to the low P status of the sites by a higher investment in the acquisition of P compared to C. 
Three major drivers of enzyme activities were found to be significant for enzyme produc-
tion: 1.) Microbial demand for P regulated the production of AP, provided that N and C 
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were available. At the natural forest site the two-fold higher specific activity of AP pointed 
to a high microbial P-demand, whereas the production of AP was constrained by the avail-
ability of N and DOC after pasture abandonment. 2.) Microbial biomass that was controlled 
by pH and resource availability was the main driver for CBH, BG and NAG activities. 3.) 
Substrate induction due to increased litter inputs of herbaceous plant species seemed to 
regulate AG and XYL activities during secondary succession. The enzymes’ affinity to 
substrate, as a potentially critically enzyme kinetic parameter is understudied. The data 
analysis suggests that microbial communities adapted to environmental changes, demon-
strated high flexibility of extracellular enzyme systems and selected for enzymes with high-
er catalytic efficiency compared with pure cultures. Under in situ conditions, enzyme-
specific environmental drivers of the Km, e.g., the pH for XYL, the C:N ratio for AP, and 
the C availability for NAG were found. The data demonstrated that the higher substrate af-
finity of XYL and AP was associated with more abundance of Gram(-) bacteria. The cata-
lytic efficiency of enzymes decomposing cellulose, hemicellulose, and starch positively 
correlated with the relative abundance of Gram(-) bacteria. The turnover rate of the tested 
substrates was three to four times faster at the young pasture site compared with the long-
term pasture and secondary succession sites.  
Nutrient inputs by atmospheric deposition are known to affect terrestrial ecosystems. How-
ever, little is known about how N and P co-limited ecosystems respond to single nutrient 
enrichment. In this work the susceptibility of above- and belowground ecosystem compo-
nents and of their linkages in an N and P co-limited pasture to N- and P-enrichment was 
assessed. It was tested if the plants´ responses can be explained by the concept of serially 
linked nutrients introduced by Ågren (2004). In this concept, the control of the growth rate 
by one nutrient is assumed to depend on the control of a different cellular process by anoth-
er nutrient. The responses of shoot and root biomass and C:N:P stoichiometry of the grass 
Setaria sphacelata (Schumach.) to moderate N, P, and N+P application over five years 
were investigated. In addition, the effects of nutrient enrichment on soil nutrient pools, on 
arbuscular mycorrhizal fungi (AMF) as well as on microbial biomass, activity, and com-
munity structure were tested. In order to evaluate the importance of different factors ex-
plaining microbial responses, a likelihood-based information-theoretic approach was ap-
plied. The application of N+P increased aboveground grass biomass. Root biomass was 
stimulated by P-treatment. Grass C:N:P stoichiometry responded by altering the P-uptake 
or by translocating P from shoot to root. In particular, root C:N and C:P stoichiometry de-
creased in P- and in N-treatment. Extractable fractions of soil C, N, and P were significant-
ly affected by nutrient enrichment. P application increased the biomass of Gram-positive 
bacteria and the abundance of AMF, however, results of the IT-approach suggested indirect 
effects of nutrient enrichment on microbes. The responses of the N and P co-limited pasture 
to particular nutrient enrichment support the concept of serially linked nutrients. The pre-
sent study provides evidence for the fundamental importance of P for controlling resource 
allocation of plants in responses to nutrient enrichment. Resource allocation of the grass 
rather than direct effects of nutrient additions drives changes in AMF, microbial biomass, 
community structure, and activity. 
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Zusammenfassung 
Seit dem Übergang vom Holozän zum Anthropozän greift der Mensch immer stärker in 
globale und regionale Stoffkreisläufe ein. Durch die Zerstörung von Naturwäldern und 
Landnutzungswandel werden die Strukturen und die Funktionen der Ökosysteme stark ver-
ändert. Unangepasste Landnutzung führt zu Nährelementverlusten, die mittel- bis langfris-
tige zur Bodendegradation und zur Reduktion von Bodenfunktionen führen. Solche Verän-
derungen sind insbesondere in den Tropen zu beobachten. Bodenmikroorganismen spielen 
in den Stoffkreisläufen eine zentrale Rolle. Zudem sind sie sensitive Bioindikatoren für den 
Zustand von Ökosystemen. Im Gegensatz dazu, werden die Bodenmikroorganismen noch 
nicht ausreichend für die Zustandsbewertung von Ökosystemen verwendet. 
In der vorliegenden Dissertation werden verschiedene Datenanalysen zu den Beziehungen 
von Landnutzungswandel (Naturwald, Weiden verschiedener Alter, sekundäre Sukzession) 
und den Eigenschaften der Bodenmikroorganismen in einer tropischen Bergregenwaldregi-
on Süd-Ecuadors zusammengefasst. Ein besonderer Fokus lag darauf zu prüfen, ob die mik-
robielle Biomasse und die Funktionen die von der mikrobiellen Gemeinschaft geleistet 
werden (z.B. Enzymaktivitäten) durch den Landnutzungswandel beeinflusst werden. Ein 
informations-theoretischer Ansatz wurde verwendet um verschiedene Erklärungsansätze 
der steuernden Faktoren vergleichend zu testen. Darüber hinaus wurden in einem Weide-
düngungsexperiment die Reaktionen der ober- und der unterirdischen Ökosystemkompo-
nenten auf die Anreicherung mit N und P getestet. Um die Ergebnisse auf eine breite wis-
senschaftliche Basis zu stellen wurde die Untersuchungen in den Kontext der Theorie die 
Ökologischen Stöchiometrie eingeordnet.  
Die C:N:P Stöchiometrie im Boden und in den Mikroorganismen veränderte sich durch den 
Landnutzungswandel und mit der Bodentiefe. Mit der Weideetablierung nahmen die C:N:P 
Verhältnisse im Boden deutlich ab, stiegen dann nach dem Verlassen der Weiden im Zuge 
der sekundären Sukzession wieder an. Das mikrobielle C:N Verhältnis variierte nur leicht, 
dagegen zeigten das C:P und N:P Verhältnis deutliche Veränderungen durch den Landnut-
zungswandel. Mit diesen Veränderungen in der Boden- und Organismenstöchiometrie wa-
ren auch Veränderungen in der Struktur der mikrobiellen Gemeinschaften verbunden. Deut-
liche positive Beziehungen existierten zwischen den saprotrophen Pilzen und den Proto-
zoen. Die steigenden Mengen von Protozoen waren wiederrum mit sinkendem mikrobiellen 
N:P verbunden. Diese Muster weisen auf Veränderungen in den Bodennahrungsnetzten 
durch Landnutzungsänderungen hin. Sehr deutliche Abweichungen von globalen Mustern 
der C:N:P Stöchiometrie deuten darauf hin, dass der Landnutzungswandel signifikanten 
Einfluss auf die C:N:P Stöchiometrie ausübt. Der Landnutzungswandel beeinflusste auch 
die mikrobielle Biomasse, die Basalatmung, sowie die mikrobielle Aufnahme und Produk-
tion von NH4-N im Boden. Dabei zeigten kombinierte Erklärungsansätze die adäquateren 
Beschreibungen der Muster. In den kombinierten Modellen zur Erklärung der mikrobiellen 
Biomasse und der mikrobiellen Leistungen überwogen Prädiktoren der mikrobiellen Res-
sourcen und der bodenchemischen Umwelt.  
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Ein weiterer Schwerpunkt der Untersuchungen lag auf der Erfassung der Effekte des Land-
nutzungswandels auf die Aktivität von extrazellulären Bodenenzymen. Bisher ist wenig 
darüber bekannt, welche Faktoren die katalytischen Eigenschaften steuern und beispiels-
weise, ob es Zusammenhänge zur mikrobiellen Gemeinschaftsstruktur gibt. Um diese Fra-
gen näher zu beleuchten wurden sechs hydrolytische Enzyme basierend auf MUF-
Substraten untersucht. Die mikrobielle Produktion von AP stand dabei in Zusammenhang 
mit dem niedrigen P-Status der untersuchten Böden. Das wurde besonders durch die hohe 
AP Produktion im Vergleich zu BG belegt. Im Allgemeinen konnten drei verschiedene Me-
chanismen festgestellt werden, die die Produktion der untersuchten EHEs vermutlich steu-
erten. 1.) Der P-Bedarf der Mikroorganismen regulierte die Produktion von AP, vorausge-
setzt, dass ausreichend N und C zur Enzymsynthese zur Verfügung standen. 2.) Die Höhe 
der mikrobiellen Biomasse hat sich als wichtiger Faktor für die Produktion von CBH, BG 
und NAG gezeigt. Das deutet auf die konstitutive Produktion dieser Enzyme hin. 3.) Die 
substratinduzierte Produktion von Enzymen ist vermutlich entscheidend für die Aktivität 
von AG und XYL. Die Berücksichtigung der Enzymkinetiken, insbesondere der Michaelis-
Menten-Konstante lieferte weitere Aufschlüsse über relevante Faktoren. Im Allgemeinen so 
scheint es, haben sich die mikrobiellen Gemeinschaften an die starken Umweltgradienten, 
die durch den Landnutzungswandel erzeugt worden angepasst. Im Vergleich zu den ver-
fügbaren Daten aus Reinkulturen, wiesen die mikrobiellen Gemeinschaften der untersuch-
ten Böden in der Regel eine deutlich höhere katalytische Effizienz auf. Auch für die Micha-
elis-Menten-Konstante sind die Faktoren enzymspezifisch. So ist für die Km von XYL der 
Boden-pH-Wert, für AP das C:N Verhältnis und für NAG die DOC-Menge entscheidend. 
Darüber hinaus haben sich deutliche Beziehungen zwischen der Menge an Gram(-)-
Bakterien und der Substrataffinitäten von XYL und AP ergeben. Je höher die Gram(-)-
Abundanz, desto höher war die Substrataffinität der Enzymsysteme. Gegenüber alter und 
degradierter Weiden, war der Umsatz der untersuchten Substrate im Oberboden der aktiv 
genutzten Weide drei- bis vierfach erhöht.  
In einem 5-jährigen Düngeexperiment in der Bergregenwaldregion der Anden Süd-
Ecuadors wurden die Reaktionen des auf dieser Fläche N/P co-limitierten Grases (Setaria
sphacelata), der Arbuskulären Mykorrhiza (AMF) sowie der Bodenmikroorganismen auf 
moderate N, P und N+P-Düngung untersucht. Die Zugabe von N+P erhöhte die oberirdi-
sche Biomasse (+61%) wohingegen die Wurzelbiomasse durch die Zugabe von P (+45%) 
anstieg. Die C:N:P Verhältnisse weisen auf veränderte P-Aufnahme oder Translokation von 
P in die Wurzeln hin. Im Besonderen verengte sich das Wurzel C:N and C:P in der P- und 
der N-Zugabe. Die aus dem Boden extrahierbaren C, N und P-Fraktionen wurden deutlich 
beeinflusst. Die Zugabe von P stimulierte die Biomasse Gram-(+)-Bakterien (+22%), die 
Abundanz der AMF (+46%) und die Brutto-N-Mineralisierung. Die Auswertungen deuten 
darauf hin, dass die Nährstoffanreicherung indirekt über die Veränderungen der Graswur-
zeln auf die Bodenorganismen wirkte. Die Ergebnisse bestätigen, dass N und P in den Re-
aktionen von co-limitierten Pflanzen eng miteinander verbunden sind. Vor allem aber steu-
ert P grundlegend die Allokation von Ressourcen und wirkt damit auf andere Ökosystem-
komponenten, z.B. auf die Struktur und Aktivität der Bodenmikroorganismen. 
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1 Introduction 
1.1 Ecosystem disturbance, land-use, and human induced nutrient depletion 
The conversion of natural forests to arable land is a global change phenomenon that has 
been - and still is - highly abundant. It is a prerequisite to any economic activity of humans 
(Godfray et al. 2010; Lambin and Meyfroidt 2011). Worldwide, humans have directly 
changed half of the ice-free terrestrial land (Chapin et al. 2011). From this land surface, 
people appropriated up to 40% of the aboveground productivity through harvest, land-use 
change and land management, as well as human-induced fires (Haberl et al. 2007; Chapin
et al. 2011). Between 1980 and 2000, more than the 80% of the newly established arable 
land had originated from the conversion of forests in tropical ecoregions (Gibbs et al. 
2010). 
The growing scale and extent of human activities suggest that virtually all ecosystems are 
being influenced both directly and indirectly (Chapin et al. 2011). Direct impacts such as 
the replacement of natural forests by arable land are main factors altering the structure (e.g. 
trophic structures) and function (e.g. nutrient cycling) of terrestrial ecosystems. Especially, 
the land surface of South America, Ecuador in particular, faces one of the highest annual 
deforestation rates around the globe (FAO 2010). Biotic interactions of primary producers 
and microbial communities play a fundamental role in the organization of ecosystems. 
They are susceptible to human-induced global change phenomena (Bardgett and Wardle 
2010). Discrete ecosystem disturbances (Grandy et al. 2012) like conversion by slash-and-
burn as well as land-use associated establishment and management of plant communities 
have been found to significantly affect soil chemical properties, such as the pH value 
(Giardina et al. 2000; Ehrenfeld et al. 2005), the allocation of nutrients (Vitousek et al. 
1988; Giardina et al. 2000; Hughes et al. 2002), the quantity and quality of microbial re-
sources (e.g. C, N, P) (Murty et al. 2002; Townsend et al. 2002; Cleveland et al. 2003), as 
well as soil microbial communities (Lauber et al. 2008; Maharning et al. 2009). However, 
the magnitude as well as the direction of changes induced by land-use change might depend 
on regional factors: climate, soil type (Fierer and Jackson 2006; Lauber et al. 2008; Trese-
der et al. 2011), soil nutrient status (Reed et al. 2011), and on the duration and intensity of 
cultivation methods (Hamer et al. 2013; Bahr et al. 2014; Bahr et al. 2015), which alto-
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gether make global generalization difficult. Indirect effects of human activities, such as nu-
trient deposition are increasingly considered as important drivers of the structure and func-
tioning of natural and human-changed ecosystems (Bardgett 2011; Grandy et al. 2012; 
Homeier et al. 2012). At the global scale, N input to terrestrial ecosystems averages at 50 
kg N ha-1 during the last decade (Peñuelas et al. 2013), which likely cause nutrient imbal-
ances (Peñuelas et al. 2013), reductions in soil pH (global average –0.26 pH units), in loss-
es of base cations, and increases in soil Al concentrations (Tian and Niu 2015). 
Large proportions of the earths’ productivity used by humans are directly regulated by 
soils’ capacity to supply nutrients and water (Lin 2014). In contrast to the high demand for 
agricultural land, vast areas (worldwide approx. 24%) are undergoing declines in productiv-
ity with subsequent land abandonment (Bai et al. 2008). Human-induced nutrient depletion 
is one of the main factors that reduce the productivity of land-use systems globally (Tan et 
al. 2005). The problem of human-induced nutrient depletion is as old as humans cultivating 
land (McNeill and Winiwarter 2004). However, the export of nutrients had been intensified 
by urban life style which decoupled the place of production and the place of deposition of 
the residues. This still causes a permanent challenge for the maintenance of soil fertility 
(McNeill and Winiwarter 2004). 
In South America, deforestation of rainforests is the main factor causing soil nutrient deple-
tion at about 71 Mha, with approx. 20% of this area being strongly reduced in soil fertility 
(Tan et al. 2005). This further accelerates the increase in the scarcity of land for agricultural 
production, feeds back to poverty, and induces further deforestation (Lambin and Meyfroidt 
2011). Between 60 and 90% of the cultivated area in developing countries are characterized 
by N and/or P deficiency (Tan et al. 2005). Nutrient losses during forest conversion can 
reach 95% of C, 90% of N, and 80% of P, stored in the aboveground biomass of the former 
natural forest (Giardina et al. 2000; Hughes et al. 2000). Beside the immediate changes in 
nutrient availability, nutrient losses can alter the structure and functioning of ecosystems 
passing through secondary succession (McGrath et al. 2001; Abadin et al. 2002; Davidson
et al. 2007) in the long-run. Land abandonment has social implications, being one reason 
for the increasing poverty at the global scale (Godfray et al. 2010). Griggs et al. (2013) 
suggested the development and implementation of a set of sustainable development goals 
(SDGs) in order to reduce global problems like poverty and hunger. It is evident that most 
of the SDGs are based on soil functionality, with sustainable food security and healthy and 
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productive ecosystems being two grand examples that are closely related to nutrient cycles 
(Griggs et al. 2013) and soil microbial functioning (Stein and Nicol 2011). Griggs et al. 
(2013) concluded that: “To set appropriate goals and targets, environmental conditions 
have to be identified that enable prosperous human development and set tolerable ranges 
for the biosphere to remain in that state” (p. 306). Environmental (human-modified or hu-
man-created) gradients can help to close research gaps and to reduce the uncertainty in the 
identification and evaluation of environmental conditions critical for ecosystem functioning 
in order to improve sustainability of resource use of human societies (Griggs et al. 2013), 
with soil microorganisms being regarded as sensitive indicators (Pulleman et al. 2012). 
1.2 The role of soil microorganisms 
Soil microorganisms are a key component of ecosystems regulating a great variety of bio-
geochemical processes (Swift et al. 1979). The contribution of soil microbial biomass C on 
total soil organic carbon typically ranges between 1% and 5% with a global average of 
1.2% (Xu et al. 2013). Even though this represents a small pool, the activity (Blagodatska-
ya and Kuzyakov 2013) and turnover time are high (Sinsabaugh et al. 2015). A large part of 
primary production enters the soil system as detritus and is consumed by microbes. Re-
source supply to microorganisms is mainly influenced by plant community composition 
(Hobbie 1992) which, in turn, affects the biochemical nature and resource quality of the 
detritus. Microbes’ metabolism creates the trophic base for belowground food webs and 
drives the cycles of elements (Moore et al. 2004; Sinsabaugh and Follstad Shah 2012). Soil 
microorganisms play a crucial role in processing the detritus by producing extracellular 
enzymes responsible for organic matter depolymerization and mineralization (Swift et al. 
1979). Currently, there is much debate whether soil environmental conditions, microbial 
biomass or microbial community structure are important for ecosystem processes, such as 
decomposition (e.g., Graham et al. 2014). In a current textbook, Chapin et al. (2011) stated: 
“The activity of soil microbes is more important than their biomass in determining decom-
position rate” (p. 198). This statement is not easy to be falsified since for example the en-
zymatic capacity produced by microbial biomass and enzyme functioning can be either 
coupled by constitutive enzyme production or decoupled due to enzyme stabilization on 
soil minerals (Gianfreda and Ruggiero 2006).  
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The discussion of the mechanisms and drivers regulating microbial activity, e.g., enzyme 
production is still in progress (Allison et al. 2011; Sinsabaugh and Follstad Shah 2012; 
Burns et al. 2013). The demand of soil microorganisms for energy and nutrient resources 
seems to be one of the major activators of enzyme expression (Allison and Vitousek 2005). 
For example, high specific extracellular activities of enzymes involved in the degradation 
of organic P occurred under P-limited conditions (Allison et al. 2007; Marklein and Houl-
ton 2012). Additional evidence for the importance of microbial demand came from the the-
ory of ecological stoichiometry (Sterner and Elser 2002). Despite large variability in re-
source stoichiometry, microbial C:N:P stoichiometry is assumed to be relatively constant 
(Cleveland and Liptzin 2007). Given the fast turnover times of microbial biomass (from 
hours to weeks) (Sinsabaugh et al. 2015) and the energetic and nutritional requirements for 
the maintenance of biomolecules (Rose 1976), a constant supply rate of resources is needed 
to avoid dormancy or starvation. As a consequence of nutrient depletion in microbial re-
sources, microbes are thought to increase their relative investment in the acquisition of the 
most limiting nutrient. 
The structure of the microbial community has been hypothesized to be a second factor in 
the regulation of breakdown and mineralization of SOM since microbial taxa can vary sig-
nificantly in their biochemical potential (Stres and Tiedje 2006) and substrate preferences 
(Six et al. 2006). Due to functional redundancy, various microbial taxa produce a diverse 
set of enzymes (isoenzymes) that target the same substrate, but differ in biochemical poten-
tial (Stres and Tiedje 2006) and enzymatic adaptation to environmental constraints (Khalili
et al. 2011). Thus, the catalytic properties of isoenzymes performing decomposition can 
differ significantly depending on the soil properties, nutrient availability, and quality and 
amount of substrate (Wallenstein et al. 2011). Soil microbial community structure is re-
sponsive to chemical and resource gradients in the soil. Thus, land-use induced alterations 
in soil chemistry or detritus quantity and quality can induce shifts in microbial community 
composition (Paterson et al. 2008; Güsewell and Gessner 2009) inducing feedbacks to 
SOM turnover and to higher trophic levels (Moore et al. 2004; Larsen et al. 2011; Mulder
et al. 2013). 
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Increases in the C:N ratio of detritus typically stimulate fungal biomass (i.e. the fungal en-
ergy channel) and may enhance N-immobilization (Wedin and Pastor 1993; Paterson 2003), 
while decreases in the C:N ratio may stimulate the “fast cycling” bacterial energy channel 
(Moore et al. 2004). Alterations in e.g. root-derived substrates can cause alterations of mi-
crobial communities due to differences in competitive abilities of microbes in resource ac-
quisition (Paterson 2003; Fierer et al. 2007). At the global scale, soil pH and Al concentra-
tion were found to be important determinants of soil bacterial biomass, while resource C:N 
or Ca availability were shown to affect fungal biomass (Berg and McClaugherty 2001; 
Fierer et al. 2009). Thus, soil environment and plants regulate whether bacterial or fungal 
energy channels dominate the transformation and mineralization of detritus in soils (Moore
et al. 2004; Deyn et al. 2008; Mulder et al. 2013). Understanding the functional role of dif-
ferent microbial communities is the base to ascertain whether environment and resources 
will impact the functioning and susceptibility of terrestrial ecosystems (Stein and Nicol 
2011) (Fig. 1). 
  
Figure 1: Feedback responses of soil microbes to global changes and their interactions with plants and
geochemical soil properties. Microbial adaption and feedback response to land-use changes control
greenhouse gas emissions and biomass production. The control mechanisms of the microbes are still
not fully understood. Figure adapted from Singh et al. (Singh et al. 2010). 
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1.3 The search for unifying principles: Ecological stoichiometry as one concept 
The knowledge about soil microorganisms has increased substantially over the last decades. 
The 1st edition of “Soil Microbiology, Ecology and Biochemistry”, Paul (1988) required 
286 text pages for the documentation of the state of the art. The number of pages was then 
increased to 340 pages in the 2nd edition (1996), to 532 pages in the 3rd edition (2007), and 
to 598 pages in the most recent one (2015), with the highest annual increase of pages (5.1% 
a-1) between the 2nd and the 3rd edition. In the latest edition, Paul (2015) added a chapter 
about unifying principles in soil ecology in order to underline the need for the establish-
ment of a common scientific framework in soil ecology. Indeed, significant research has 
been going on, demonstrating that unifying concepts can be developed (Fierer et al. 2007; 
Fierer et al. 2009) in order to facilitate research in soil ecology. The theory of ecological 
stoichiometry (Sterner and Elser 2002) appears to be one realistic and unifying framework 
for the description of the structure and function of ecosystems (Fierer et al. 2009; Sistla and 
Schimel 2012). It was proposed that stoichiometric relationships of key elements, for ex-
ample of C, N and P (C:N:P molar ratios) systematically differ depending on the level of 
organization and biochemical function (Sterner and Elser 2002). At the level of organisms, 
life stages characterized by high growth rates are often associated with high RNA contents 
(having C:N:P ratios between 18:6:1 and 21:7:1) (Vitousek et al. 1988; Sterner and Elser 
2002), and are able to shift their overall stoichiometry. Since all organisms are constrained 
by their fundamental metabolic requirements, their abundance and activity are regulated by 
and feed back to the availability of resources (Elser et al. 1996). These elemental con-
straints lead to the hypothesis that organisms may have fixed elemental ratios (homeostasis) 
(Sterner and Elser 2002). Derived from the concept of homeostasis, supply rates or mass 
balance of biogeochemically important elements can regulate ecological processes (Sterner 
and Elser 2002), such as nutrient mineralization (Cherif and Loreau 2007). Alternatively, 
stoichiometric flexibility at the organismal or at the community level might be an adaption 
to resource limitation and imbalances (Franklin et al. 2011; Sistla and Schimel 2012). At 
the level of trophic networks and on community scale, primary producers tend to be more 
flexible in their elemental composition than their consumers (Elser et al. 1996; Hessen et 
al. 2004). For their nutrient conservation and stoichiometric flexibility re-sorption of nutri-
ents from senescent leaves was thought to be one important evolutionary trait (Sistla and 
Schimel 2012) causing large alterations in detritus stoichiometry (green leaves C:N:P 
1212:28:1 vs. litter C:N:P of 3007:45:1) (McGroddy et al. 2004). Ecological stoichiometry 
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has been used to investigate and to explain nutrient limitation of organisms, in particular to 
understand nutrient co-limitation. A first step towards a mechanistic understanding of co-
limitation was the concept of serially linked nutrients introduced by Ågren (2004). It as-
sumes that the control of the growth rate by one nutrient depends on the control of a differ-
ent cellular process by another nutrient (Ågren et al. 2012). It is based on fundamental bio-
chemical restrictions which were described as a structure-function chain as follows “(...) to 
get C the autotrophs require proteins and thus N, and to get proteins the autotrophs (…) 
require rRNA and thus P.” (Ågren 2004). This chain directly links nutrient demand to the 
production of functionally important macromolecules of different chemical composition. 
Since proteins are N-rich (C:N 2.7 with no or low P) and nucleic acids as well as ribosomes 
are P-rich (C:N:P 9.5:3.7:1 and 21:7.2:1, respectively) (Sterner and Elser 2002), shifts in 
the relative proportions of macromolecules caused by functional adaptations of plants cause 
alterations in organism C:N:P stoichiometry (Sterner and Elser 2002; Ågren et al. 2012). 
In contrast to the flexibility of primary producers, the stoichiometry of decomposers (C:N:P 
60:7:1) (Cleveland and Liptzin 2007; Griffiths et al. 2012) and of their predators (e.g. N:P 
between 24:1 and 28:1, Larsen et al. 2011) was thought to be homeostatic (Elser et al. 
1996). Thus, the response of decomposers to stoichiometric flexibility of primary producers 
may be a bottom-up force structuring the complexity, demography, and dynamics of trophic 
networks (Moe et al. 2005). However, some recent research has demonstrated flexibility of 
microbial stoichiometry reaching from single bacterial strains (Franklin et al. 2011) to soil 
microbial communities (Tian et al. 2010; Xu et al. 2013)}(Tischer et al. 2014b). Stoichio-
metric constraints of soil microbial communities and soil food webs are important for un-
derstanding the implications of altered resource stoichiometry on processes mediated by 
soil microorganisms (Mulder et al. 2013). Land-use changes, shifts in the abundance of 
particular plant-traits as well as atmospheric nutrient deposition can induce significant 
C:N:P imbalances (Fanin et al. 2011; Peñuelas et al. 2013; Tischer et al. 2014b). These nu-
trient imbalances can significantly affect soil organisms. However, the effects and conse-
quences for ecosystem functioning are still largely unknown (Stein and Nicol 2011; Mulder
et al. 2013; Peñuelas et al. 2013) 
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2 Methods and objectives  
In contrast to the aboveground ecosystem components and processes, the responsiveness of 
the belowground world to direct and indirect disturbances is not well studied (Bardgett 
2011; Lin 2014). It appears that belowground responses may depend on the given eco-
region and soil type studied (Fierer and Jackson 2006; Lauber et al. 2008; Reed et al. 
2011). Thus, generalizations of soil ecosystem responses to ecosystem disturbance and 
land-use changes are not easy to obtain. 
In the present account, attention was paid to investigate the impact of ecosystem disturb-
ance, land-use change, secondary succession, and nutrient enrichment on soil microbial 
biomass, community structure, and activity. By the application of multiple linear regres-
sions and by the IT-approach, it was attempted to find most relevant predictors for observed 
responses of soil microbes. This work tries to contribute to some general questions of mi-
crobial ecology: What drives microbial biomass?; Is microbial C:N:P stoichiometry fixed 
or flexible? How is C:N:P stoichiometry linked to soil C:N:P stoichiometry? Is stoichiome-
try linked to microbial community structure? What are the drivers of microbial extracellular 
enzyme production as proximate agents for C:N:P acquisition? How are microbial commu-
nity structure and functioning are connected?; What are the soil environmental drivers of 
soil microbes? How N and P are connected in a N and P co-limited plant-soil system and 
how such a system responds to nutrient enrichment? 
By trying to answer these questions, this work can contribute to the identification of condi-
tions critical for ecosystem functioning, link those conditions to unifying principles like 
ecological stoichiometry, and can test soil microbial attributes as indicators for such condi-
tions. 
2.1 Research area 
The research area is located in the mountain rainforest eco-region of southern Ecuador, on 
the eastern slopes of the eastern Andean cordillera (Cordillera Real). The study area is 
characterized by an extraordinary diversity of vascular plants (Barthlott et al. 1996; Richter
et al. 2009) and birds (Orme et al. 2005) making this region as one of the earths’ hotspots of 
biodiversity. The biodiversity of the research area is facing a high risk of elimination (Myers
et al. 2000) with deforestation as one of the most relevant driver since settlement activities 
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were intensified in the 1950’s. Ecuador exhibits one of the highest annual deforestation rate 
in South America (Mosandl et al. 2008) reducing the country’s forest cover by annually 
1.8% between 2005 and 2010 (FAO 2010). 
The research area has perhumid climate with a less humid period from September to De-
cember. Because the average monthly rainfall never falls below 100 mm, no pronounced 
seasonality exist (Bendix et al. 2006). Precipitation rates show a strong altitudinal gradient 
(Rollenbeck et al. 2005). From the ECSF (1,860) to the crest zone (2,930 m asl), the mean 
annual precipitation as well as water deposition by fog nearly triples, reaching high water 
intakes into ecosystems of 6,090 mm (Beck et al. 2008). The mean annual air temperatures 
decrease from 15.3 to 9.5°C along this gradient (Bendix et al. 2006).  
Evergreen lower and upper mountain rainforests cover the steep slopes of the Reserva Bio-
lógica San Francisco (Homeier et al. 2010). The crest areas are covered by altotropical ev-
ergreen scrub páramo (grass- and shrubland) (Richter 2003). These forests are characterized 
by a high species richness of shrubs, herbs, epiphytes as well as of trees with Melasto-
mataceae, Lauraceae, Rubiaceae, and Euphorbiaceae are the dominant plant families 
(Homeier and Werner 2008).  
In general, extremely steep slopes, and deeply incised valleys, as the Rio San Francisco 
valley, characterize the relief of the eastern Andean cordillera. Frequently occurring natural 
landslides are typical events creating landscape dynamics (Bussmann et al. 2008).  
Geologically, the research area belongs to the Paleozoic metamorphic belt (Chiguinda Unit 
of Zamora Series) (Litherland et al. 1994). This comprises of great variety of weakly met-
amorphosed bedrocks such as metasandstones, metasiltstones, clay-schists, and phyllites 
with some quartz veins (Makeschin et al. 2008). The substrate for pedogenesis is assumed 
to be low to intermediate in nutrients. The pedogenetic processes are markedly affected by 
for example the altitudinal gradient with hydromorphic processes increases with increasing 
altitude (Ließ et al. 2009) and by the relief which causes different hydrological conditions 
between ridges and side valley creeks (Wilcke et al. 2008). According to the WRB (FAO, 
2006) Cambisols, Histosols, Stagnosols, and Regosols are the main soil types between 
1,800 and 2,300 m asl (Schrumpf 2001; Bahr 2007).  
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2.2 Land-use gradient 
The co-occurrence of ecosystems differing in age after land-use shifts represents al gradient 
of environmental changes within the same region (Fig. 2).  
 
Figure 2: Scheme of the land-use gradient (natural forest-active pastures-abandoned pasture-
shrubland) 
An example of a human-induced environmental gradient is the conversion of natural forests 
to pastures. In the Rio San Francisco valley, large parts of the rainforest have been removed 
in order to establish pasture land with the economy of the landowners is primarily based on 
cattle ranching for milk production (Pohle and Gerique 2006). About 50% of the former 
mountain rainforests have been converted to pastureland over the past 70 years by slash and 
burn practice (Göttlicher et al. 2009). Pastures were established by planting of the pasture 
grass Setaria sphacelata (SCHUMACH.) STAPF & C.E. HUBB. EX CHIPP. (Hartig and Beck 
2003). Cattle ranging is the dominant land-use in the region, following a classical system of 
controlled rotations (Gerique 2010). During secondary succession, the pasture grass was 
substituted by tropical bracken fern (Pteridium arachnoideum (L.) KUHN.). To avoid sec-
ondary succession, landowners cut invaded plants annually and burn pastures every approx. 
15 years (Gerique 2010). As a consequence of repeated nutrient losses due to burning and a 
lack of fertilization, old and abandoned pasture sites are characterized by declining stocks 
of N (Hamer et al. 2013). In the study area, about 2/3 of the former pastures in use have 
been abandoned (Göttlicher et al. 2009) and have passed through different stages of sec-
ondary succession (Hartig and Beck 2003). The shrubland stage is a highly stable vegeta-
tion type, since the competitive strength and propagation potential of herbaceous and 
shrubby plant species (Asteraceae, Melastomaceae and Lycopodium spp.) are high and tree 
2 Methods and objectives
 
15
 
species of the primary forest rarely establish since primary forests are distant from aban-
doned pasture sites (Hartig and Beck 2003).  
An overview about the study sites is given in Table 1 of Tischer et al. (2014b) (section 3.2) 
and in Figure 3 below. At the 20 years old pasture site, a pasture fertilization experiment 
was installed in 2007 (Ferpast-experiment). A description is given in Tischer et al. (2015) 
(section 3.6) and in Potthast et al. (2012a).  
 
Figure 3: Overview of the geographical position of the study sites. Modified map according to 
Richter (2003), changed. 
2.3 Research questions  
In Tischer et al. (2014b) (section 3.2) soil and microbial C:N:P stoichiometry are analyzed 
along a land-use sequence characteristic for the study area: natural forest, 8 years old pas-
ture, 20 years old pasture, 30 years old pasture, 55 years old pasture, abandoned pasture, 
and shrubland. In addition, we determined how soil and microbial stoichiometry varied 
with soil depth and whether soil and microbial stoichiometry and the composition of soil 
microbial community were associated. We hypothesize that: 
 Conversion from natural forest to pastureland and subsequent abandonment will 
drive changes in bulk soil C:N:P stoichiometry. Specifically, we expect decreases in 
soil C:N:P ratios at the pastures, since N and P became available in the soil due to 
forest burning, while comparatively more C is lost from the ecosystem in the form 
of CO2. In addition, the standing biomass stock of Setaria is comparatively low and 
the turnover of nutrients is accelerated by the production of highly biodegradable 
organic matter (OM) (Potthast et al. 2012b) and by herbivory. On the contrary, sec-
ondary succession after pasture abandonment is expected to increase soil C:N:P ra-
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tio, by a higher nutrient re-sorption into living plant biomass (Vergutz et al. 2012), 
deceleration of plant litter turnover (Potthast et al. 2012b), and build-up of an or-
ganic layer (Davidson et al. 2007).  
 Significant differences of soil C:N:P stoichiometry exist between organic layers and 
respective mineral soils. In addition, soil C:P and N:P are expected to decrease with 
soil depth due to increases in the disconnection between soil P and OM, while soil 
C:N is expected to show a fixed ratio (Walker and Adams 1958).  
 Since microbes can optimize their resource allocation in response to C-, N-, and P-
limitation (Franklin et al. 2011), changes in soil stoichiometry along the soil profile 
are expected to correlate with shifts in microbial stoichiometry and community 
composition. Specifically, we expect increases in microbial N:P and in the abun-
dance of Gram-positive-bacteria and actinomycetes with soil depth. Additionally, a 
higher fungal-to-bacterial ratio, caused by an increase in soil C:N ratio, is assumed 
to be associated with an increase in microbial C:N ratio.  
 According to a framework of detritus-driven soil food webs (Moore et al. 2004), we 
expect that shifts in microbial C:N:P will affect higher trophic levels. Specifically, 
we hypothesize that an increase in C:N ratios of resources is positively correlated 
with fungal abundances inducing positive feedbacks to a higher trophic level repre-
sented by the PLFA-marker of protozoa/animal (20:4). An increase in grazing on 
fungi may accelerate the turnover of fungal biomass (Lopez-Sangil et al. 2011). 
Higher proportions of young biomass, rich in RNA, may decrease microbial N:P ra-
tio (Sterner and Elser 2002). 
In section 3.3, the dataset of Tischer et al. (2014b) is extended. Estimates of soil microbial 
activity and of soil microbial biomass were included. It is a current question what factors 
drive microbial biomass and activity in soils. Still it is not well understood whether micro-
bial biomass or community composition are important in explaining ecosystem processes 
such as the nutrient cycling. In order to answer these issues for the investigated land-use 
sequence, an IT-approach was applied on the possible relationships between biomass and 
activity of microbes and various explanatory variables.  
 Different possible drivers were hypothesized, and the explanatory dataset was di-
vided into five groups of explanatory subsets: soil environment (i.e., soil chemis-
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try), microbial community, and soil resources. Additionally, microbial community 
and soil resources were further divided into microbial biomass and community 
structure, and in resource quantity and quality, respectively. The explanatory power 
of each subset as well as combinations between different subsets (designated as 
combined model) was tested. In the following, the main results of the IT-approach 
applied to the mineral soil dataset are briefly summarized.  
Sections 3.4 and 3.5 focus on the properties and drivers of the production of extracellular 
enzymes in soil. In the context of the low nutrient status of the studied soils and the ob-
served alterations in microbial resources during land-use change, we have examined the 
relationships between soil chemical factors, microbial resources, microbial community 
structure, and six hydrolytic enzymes involved in the cycles of C, N and P. The relation-
ships between microbial enzyme production and microbial demand and/or microbial com-
munity structure are not well understood, although they are of fundamental importance in 
nutrient-poor tropical mountain ecosystems, where large proportions of nutrients are stored 
in SOM (Parfitt et al. 2005). Our objective was to improve the understanding of: 
 The importance of the low to medium P status of the studied soils. 
 The impacts of altered edaphic and microbial resource conditions associated with 
land-use change on extracellular enzyme expression in the mountain rainforest re-
gion of southern Ecuador. 
The incorporation of catalytic properties of EHEs in soil C models is required to improve 
the predictions of soil responses to global climate changes (Allison et al. 2010; Wieder et 
al. 2013). Such an implementation, however, requires knowledge of the environmental 
drivers of the catalytic properties (i.e., derived from Michaelis-Menten kinetics) of extracel-
lular enzymes in soil. Therefore, the present study set out to answer the following question:  
 Are the apparent substrate affinities (Km) of six EHEs involved in C, N, and P cy-
cling associated with the soil biological and chemical gradients caused by land-use 
change?  
 In particular, it was focused on relationships between the catalytic properties of 
EHEs and the microbial community structure as well as on measures of resource 
availability (e.g., concentration of dissolved organic C and available P).  
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Section 3.6 includes a study that investigated the susceptibility of above- and belowground 
connections of a pasture system in the southern Ecuadorian Andes to nutrient enrichment. 
The studied pasture is a monoculture of the C4-grass Setaria sphacelata of which the NPP 
is co-limited by N and P (Potthast et al. 2012a). We hypothesize that:  
 Since the aboveground biomass of S. sphacelata is N and P co-limited, N- or P-
enrichment will increase allocation for belowground uptake capacity due to the en-
suing limitation of the not supplied nutrient. Such enhancements can be induced by 
an increase in root biomass (Ericsson 1995), quantity of root transport proteins 
(Marschner et al. 1996; Marschner 2011), and/or abundance of AMF (Smith and 
Read 2008) in soils with low to intermediate nutrient status (Treseder and Allen 
2002). It is crucial to ask whether or not belowground allocation of resources to nu-
trient uptake may cause decreases in root C:N and N:P ratios as a consequence of 
macromolecular changes (e.g. by an increase in P-rich ribosomes in roots that syn-
thesize N-rich carrier proteins for N- and P-uptake). 
 Increases in root biomass and decreases in root C:N and C:P ratios will enhance the 
quantity and quality of detritus, and thus will immediately affect microbial re-
sources (Schimel and Schaeffer 2012). The latter can be monitored in particular by 
soil extractable nutrient fractions (e.g., dissolved organic C) (Fanin et al. 2011). 
This overall increase in resource availability likely stimulates bacterial biomass as-
sociated with a decrease in microbial C:N ratio (Strickland and Rousk 2010). Fur-
thermore, due to physiological adaptations of soil microorganism, nutrient enrich-
ment will shift microbial activity (e.g. P-enrichment increases microbial consump-
tion of N) and thus, may affect microbial N:P ratio (Franklin et al. 2011). It is im-
portant to know how the microbial community responds to resource changes since 
large parts of soil organic matter stored in soil are microbial-derived as well as are 
processed by microbes (Schimel and Schaeffer 2012).  
 These effects on soil microorganisms are mediated by responses of S. sphacelata to 
nutrient enrichment rather than by direct effects of added nutrients. This is tested 
by the application of a likelihood-based information-theoretic (IT) approach (Burn-
ham and Anderson 2002) in order to evaluate the relative importance of different 
predictor variables, to compare various explanatory model subsets, and to reduce 
uncertainty and subjectivity of model selection (Whittingham et al. 2005). 
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Table 1 briefly summarizes the analytical methods used in this thesis. 
Table 1: Overview of the analytical methods used to determine: soil biogeochemical variables, 
chemical characteristics of plants and roots as well as function and structure of soil microbes. 
2.4 Structure of the thesis  
This thesis includes analyses of various microbial and soil variables of the studied land-use 
sequence that are linked by their stoichiometric basis. Starting with the status of C:N:P 
stoichiometry in soils and microbes, moving on with the associations between stoichiome-
try and microbial community structure, biomass, and activity, than looking at the implica-
tions of such gradients for microbial nutrient acquisition by extracellular hydrolytic en-
zymes in topsoils, and ending with demonstrating the in situ connections between plant, 
soil, and microbial stoichiometry under changing N and P availability. 
Section 3.1 briefly summarizes the results of this thesis. 
Laboratory Material and Method 
pH (H2O) mineral soil:solution 1:2.5 and organic layer 1:10 
total C, TN (soil, plants) CNS-Analyzer (vario EL III/elementar, Heraeus, Hanau, Germany) 
DOC, TDN 0.1 M KCl, or in 0.5M K2SO4, or in H2O; multi-NC-analyzer for liquids (Analytik 
Jena, Germany); 0.45 µm cellulose-acetate filter 
inorganic P (PO4-P), TDP 0.03 M NH4F + 0.025 M HCl (Bray I solution); continuous flow auto analyzer 
(Skalar Analytik GmbH, Erkelenz, Germany) ; ICP-OES (CIROS, Spectro 
Kleve, Germany) 
CEC 0.5 M NH4Cl; ICP-OES (CIROS, Spectro Kleve, Germany) 
total amounts of elements 
(soil)   
HNO3, HF, HClO4; ICP-OES (CIROS, Spectro, Kleve, Germany) 
total amounts of elements 
(plant shoots and roots) 
HNO3; ICP-OES (CIROS, Spectro, Kleve, Germany) 

13C EA-IRMS (Delta 2, Carlo Erba and Finnigan, Bremen, Germany) 

15N EA-IRMS (Delta 2, Carlo Erba and Finnigan, Bremen, Germany) 
EHEs kinetics Enzyme analysis at various MUF substrate concentrations in 50M sodium ace-
tate buffer according to the method described by Marx et al. (2001). 
microbial biomass C, N, 
microbial biomass P 
0.5 M K2SO4; CFE-method; multi-NC-analyzer for liquids (Analytik Jena, Ger-
many) 
0.03 M NH4F + 0.025 HCl; CFE-method; continuous flow auto analyzer (Skalar 
Analytik GmbH, Erkelenz, Germany)  
C mineralization (1 to 14d) 0.05 M NaOH  
net N mineralization (1d,14d)  
(NH4-N, NO3-N)
0.1 M KCl; continuous flow auto analyzer (Skalar Analytik GmbH, Erkelenz, 
Germany) 
gross N mineralization 
gross NH4 consumption 
15N-pool-dilution technique EA-IRMS (Delta 2, Carlo Erba and Finnigan, Bre-
men, Germany) 
PLFA-analysis GC-FID (GC 2010, Shimadzu, Japan) 
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Sections 3.2 and 3.3 cover a relatively broad range of ecological gradients since they in-
clude the whole land-use sequence as well as different soil depths. Both studies originated 
from the same soil material. Section 3.2 reports the effects of land-use change and soil 
depth on the C:N:P stoichiometry of soil and microorganisms, the relationships between 
soil and microbial stoichiometry, and the associations between microbial stoichiometry and 
soil microbial community structure published in Tischer et al. (2014b). Section 3.3 extends 
these analyzes by asking: What are the drivers of microbial biomass and activity in the 
studied soils? Do soil resource quantity or stoichiometry matter for concentration of micro-
bial biomass in soil, or is soil chemistry more important in this regard? Does stoichiometry 
matters for microbial activity? With the application of the information theoretic approach 
on this broad dataset, we applied a powerful tool to draw inferences on the relationship be-
tween ecological gradients and soil microorganisms. This analyses is a manuscript in prepa-
ration. 
Extracellular hydrolytic enzymes (EHEs) released by soil microorganisms are an important 
factor influencing the cleavage of C, N, and P from organic matter in soils. For a selection 
of study sites covering the entire shift in vegetation aboveground (natural forest, young and 
old pastures, abandoned pasture, and shrubland), we explored the drivers and mechanism of 
the catalytic properties of EHEs in topsoil samples (0-5cm depth). Section 3.4 focused on 
the drivers and mechanism on potential activity of EHEs in soil (Tischer et al. 2014a) while 
section 3.5 includes the analysis of the degree of specificity of the EHEs to catalyze the 
reactions of their substrates, and the modifications caused by land-use change. The latter 
analysis is a submitted manuscript that is considered for publication.  
Section 3.6 covers interesting questions: How are N and P are connected in an N/P co-
limited pasture system? What are the responses of this co-limited pasture system to nutrient 
enrichment, and how are above- and belowground linkages altered by plants’ responses to 
nutrient enrichment? These questions were addressed in Tischer et al. (2015). 
The section 4 aims to synthesize the main outcomes of the thesis. It links the results to 
some central concepts and questions of microbial ecology. Section 4.3 synthesizes implica-
tions of the observed patterns for nutrient cycling and develops further assumptions on the 
responses of the studied systems to nutrient inputs. Section 4.4 includes briefly some as-
pects of soil degradation and the options for re-cultivation of abandoned land. An additional 
research paper was added at the end of the section. The publication of Knoke et al. (2014) 
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synthesizes the main outcomes of the multidisciplinary research of the DFG Research Unit 
816 that investigated the social, economic, and ecological implications of different restora-
tion options in the study area. Since land abandonment and restoration options are closely 
linked to soil functionality, our working group contributed indicators of soil quality to this 
publication. 
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3 Results 
3.1 Brief summary of the main results 
Land-use change and soil depth alters C:N:P stoichiometry, biomass, community structure, 
and activity of soil microorganisms and feed back to higher trophic levels in the soil food 
web
Soil and microbial stoichiometry were affected by both land-use change and soil depth. Af-
ter forest disturbance, significant decreases of soil C:N:P ratios at the pastures were fol-
lowed by increases during secondary succession. Microbial C:N ratios varied slightly in 
response to land-use change, whereas no fixed microbial C:P and N:P ratios were observed. 
Shifts in microbial community composition were associated with soil and microbial stoi-
chiometry. Strong positive relationships between PLFA-markers 18:2n6,9c (saprotrophic 
fungi) and 20:4 (protozoa/animals) and negative associations between 20:4 and microbial 
N:P point to land-use change affecting the structure of soil food webs. Significant devia-
tions from global soil and microbial C:N:P ratios indicated a major force of land-use 
change to alter stoichiometric relationships and to structure biological systems. These re-
sults support the idea that soil biotic communities are stoichiometrically flexible in order to 
adapt to alterations in resource stoichiometry. 
The microbial biomass C-to-soil organic C ratio significantly increased from forest conver-
sion to pasture while this ratio decreased during secondary succession of abandoned pas-
tureland below the forest level. The results of the information-theoretic approach suggest 
additionally to the P status of the soils a stoichiometric control on the concentration of mi-
croorganisms with soil C:N being an important predictor. Microbial activity was affected 
by land-use change and by soil depth. However, the observed patterns and sensitivity to 
ecological gradients varied between the different indicators for microbial activity. Basal 
respiration, i.e., the C-mineralization under laboratory conditions, and the gross-NH4-N-
production rate were both sensitive to soil depth while gross-NH4-N-consumption was not. 
More importantly, land-use change affected microbial activity with pasture establishment 
mostly enhanced rates of C and N transformation while secondary succession reduced mi-
crobial activity. Interestingly, N dynamics differed between the natural forest site and the 
shrubland site with gross-NH4-N-production rate was higher in the topsoil of the natural 
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forest while gross-NH4-N-consumption rate was higher at in the topsoil of the shrubland. In 
general, no particular explanation model in terms of “soil chemistry is more important than 
microbes or vice versa” was better in the description of differences in microbial activity. 
Indeed, the combined models better explained microbial activity with soil C:N, Nt, Pt, 
DOC, exchangeable Al, and microbial community structure were abundant predictors in 
those models. These predictors were susceptible to land-use change, thus, connecting the 
statistical results of the IT-approach to ecological gradients caused by humans activities. 
Land-use change and soil P status as factors of the production and catalytic properties of 
extracellular hydrolytic enzymes in soil and the consequences for organic matter turnover 
in soil 
In the first experiment, we investigated rates of enzyme-substrate reactions at substrate sat-
uration (Vmax of the Michaelis-Menten kinetics) which is a measure of potential enzyme 
activity in soils. Microbial production of acid phosphatase responded to the low P status of 
the sites with a higher investment in the acquisition of P compared to C. We determined 
three major drivers of enzyme activities along the land-use seuence: 1.) Microbial demand 
for P regulated the production of acid phosphatase, provided that N and C were available 
for enzyme synthesis. At the natural forest site the two-fold higher specific activity of acid 
phosphatase pointed to a high microbial P-demand, whereas the production of acid phos-
phatase was constrained by the availability of N and DOC after pasture abandonment. 2.) 
Microbial biomass that was controlled by resource availability (Nt), organic P (Bray-
fraction)) was the main driver for cellobiohydrolase, -glucosidase and N-
acetylglucosaminidase activities. The close relationship to microbial biomass points to con-
stitutive enzyme production as one important mechanism regulating the expression of at 
least some enzymes of the C and N cycle. 3.) Substrate induction due to increased litter in-
puts of herbaceous plant species seemed to regulate -glucosidase and xylanase activities 
during secondary succession. In contrast, alterations in the abundance of microbial groups 
affected the variation in potential extracellular enzyme activities only marginally. At the 
level of broadly defined microbial groups (PLFA), our results point to functional similarity 
in the decomposition of simple organic material. 
In the second experiment, we considered the Michaelis-Menten constant (Km) as an im-
portant indicator of the catalytic properties of EHEs in soil. In addition, we calculated the 
specificity constant Ka as well as turnover times of the substrates as proxies for enzyme 
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functioning in soil. The data suggest that microbial communities adapted to environmental 
changes, demonstrated flexibility of EHEs (Km) and selected for enzymes with higher cata-
lytic efficiency compared with pure cultures. Under in situ conditions, we found enzyme-
specific environmental drivers of the Km, e.g., the pH for XYL, the C:N ratio for AP, and 
the C availability for NAG. We demonstrated that the higher substrate affinity of XYL and 
AP was associated with more abundance of Gram(-)-bacteria. BG, CBH, and XYL exhibit-
ed pronounced variability in the Km, while the Vmax varied slightly along the land-use se-
quence. In contrast, the Km values of AG and NAG changed proportionally to Vmax. The 
differences along the land-use gradient were clearly produced by Ka, i.e., by relative chang-
es in the Km and the Vmax. Ka commonly increased from the natural forest to the young pas-
ture, while efficiency decreased during long-term pasture use. The Ka of enzymes decom-
posing cellulose, hemicellulose, and starch positively correlated with the abundance of 
Gram(-)-bacteria. The turnover of the tested substrates was three to four times faster at the 
young pasture compared with the long-term pasture and secondary succession sites. The 
overriding importance of climatic factors for catalytic properties of EHEs was confirmed 
with the correspondence of Ka values between soils from geographically distinct experi-
mental plots. 
P availability is at the base of plants’ responses to nutrient additions and alters above- and 
belowground linkages of an N and P co-limited pasture system 
N and P co-limitation of aboveground biomass production is a common observation in 
grasslands, however, the responses of those systems to single nutrient additions and the im-
portance of P availability for the mechanistic understanding of N/P co-limited systems are 
not well established. The application of N+P increased aboveground grass biomass (+61%). 
Root biomass was stimulated by P-treatment (+45%). Grass C:N:P stoichiometry responded 
by altering the P-uptake (P-treatment) or by translocating P from shoot to root (N-
treatment). In particular, root C:N and C:P stoichiometry decreased in P- and in N-
treatment. Extractable fractions of soil C, N, and P were significantly affected by nutrient 
enrichment. P application increased the biomass of Gram-positive bacteria (+22%) and the 
abundance of AMF (+46%), however, results of the IT-approach suggested indirect effects 
of nutrient enrichment on microbes. 
The responses of the N and P co-limited pasture to particular nutrient enrichment support 
the concept of serially linked nutrients. The present study provides evidence for the funda-
3 Results
    
25
 
mental importance of P for controlling resource allocation of plants in responses to nutrient 
enrichment. Resource allocation of the grass rather than direct effects of nutrient additions 
drives changes in AMF, microbial biomass, community structure, and activity. 
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3.2 Land-use change and soil depth affect resource and microbial stoichi-
ometry in a tropical mountain rainforest region of southern Ecuador 
 
Tischer A., Potthast K., Hamer U. (2014): Land-use and soil depth affect resource and microbial 
stoichiometry in a tropical mountain rainforest region of southern Ecuador. Oecologia 175: 375-
393. 
 
Abstract 
Global change phenomena, such as forest disturbance and land-use change significantly affect ele-
mental balances as well as the structure and function of terrestrial ecosystems. However, the im-
portance of shifts in soil nutrient stoichiometry for the regulation of belowground biota and soil 
food webs have not been intensively studied for tropical ecosystems. In the present account, we 
examine the effects of land-use change and soil depth on soil and microbial stoichiometry along a 
land-use sequence (natural forest, pastures of different ages, secondary succession) in the tropical 
mountain rainforest region of southern Ecuador. Furthermore, we analyzed (PLFA-method) whether 
shifts in the microbial community structure were related to alterations in soil and microbial stoichi-
ometry. Soil and microbial stoichiometry were affected by both land-use change and soil depth. 
After forest disturbance, significant decreases of soil C:N:P ratios at the pastures were followed by 
increases during secondary succession. Microbial C:N ratios varied slightly in response to land-use 
change, whereas no fixed microbial C:P and N:P ratios were observed. Shifts in microbial commu-
nity composition were associated with soil and microbial stoichiometry. Strong positive relation-
ships between PLFA-markers 18:2n6,9c (saprotrophic fungi) and 20:4 (animals) and negative asso-
ciations between 20:4 and microbial N:P point to land-use change affecting the structure of soil 
food webs. Significant deviations from global soil and microbial C:N:P ratios indicated a major 
force of land-use change to alter stoichiometric relationships and to structure biological systems. 
Our results support the idea that soil biotic communities are stoichiometrically flexible in order to 
adapt to alterations in resource stoichiometry.  
Keywords: ecological stoichiometry–stoichiometric flexibility–soil food web–forest disturbance–
secondary succession 
 
Since the article Tischer et al. (2014) is protected by copyright, please use the following internet 
link: http://link.springer.com/article/10.1007/s00442-014-2894-x 
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3.3 Drivers of biomass and activity of soil microorganisms under land-use 
change – insights from the application of an information-theoretic ap-
proach 
In the following, land-use effects on soil microbial biomass and community functioning are 
investigated. In the previous section microbial activity was not explicitly addressed. The 
investigated soil material was the same as there. The methodological description of the de-
termination of C-mineralization rates (basal respiration according to Isermeyer (1952)), 
gross-NH4-N-consumption and gross-NH4-N-production rates (15N dilution method) are not 
included in this section: they are presented in section 3.6. The statistical treatment of the 
data (ANOVA, comparison of means), is similar to the description in section 3.2 and gen-
eral aspects of the IT-approach are presented in section 3.6. Some methodological details 
important for the interpretation of the results presented in this section are given below.  
Statistical analyses 
The maximum-likelihood-based information-theoretic approach (Burnham and Anderson 
2002) was used to examine the relative importance of various variables as a predictor of 
microbial biomass (i.e., MBC-to-SOC ratio) and activity (in vitro C-mineralization, NH4-N-
consumption and –mineralization). Each of these response variables was confronted with 
five different sets of predictor variables (Tab. 2), selected to give a spectrum of possible, 
partly competitive functional connections and the opportunity to compare the sets with each 
other. Based on a comparison of the Akaike Information Criterion for low sample sizes 
(AICc), the explanatory power of all possible variable combinations within a predictor set 
can be determined. Comparing the AICc of the most powerful models of different sets al-
lows a direct comparison of their relative importance on the respective response. This ana-
lytical approach overcomes problems of stepwise multiple regression procedures (Whit-
tingham et al. 2006) and has been demonstrated by the author in a previous study (Tischer
et al. 2015) (section 3.6). 
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Table 2: Predictor variable sets used within the IT-approach. 
Se
t Environmental 
predictors 
Microbial predictors Resource predictors 
Community struc-
ture 
Mass & stoichiome-
try Quantity Quality/ stoichiometry 
Pr
ed
ic
to
r v
ar
ia
bl
es
 
CECK 
CECCa 
CECAl 
CECH 
Soil pH (H2O) 
Znt 
PLFA marker: 
i15:0 
a15:0 
i17:0 
c18:1n7 
c18:1n9 
cy19:0 
10Me18:0 
c18:2,9c 
20:4 
MBC 
MBC/MBN 
MBC/MBP 
MBN/MBP 
SOC 
Nt 
Pt 
DOCKCl 
DOCK2SO4 
Bray-Pi 
Bray-Porg 
TDNK2SO4 
NO3--NKCl 
NH4+-NKCl 
DON 
SOC/Nt 
SOC/Pt 
DOCKCl/TDNKCl 
DOCKCl/TDPKCl 
DOCK2SO4 /TDN K2SO4 
DOCK2SO4 /TDP K2SO4 
DOCK2SO4 /SOC 
TDN K2SO4 /Nt 
TDP K2SO4 /Pt 
Analyses were performed in the R statistical environment (R core team 2013) by linear 
mixed models comprising the standardized predictor variables of a set as covariates and 
depth as random effect using the function lme of package nlme (Pinheiro et al. 2013). In-
cluded data were limited to the mineral soil samples of all sites. Since the effect of depth at 
a particular site was excluded, our model analysis focused on patterns in the remaining var-
iance. r²m (m = marginal) accounts for that proportion of variance that is explained by the 
fixed effects (predictors) while r²c (c = conditional) accounts for the sum of variance ex-
plained by fixed and random effects. Thus, the difference between r²c and r²m is a measure 
of the proportion of variance explained by soil depth. 
Each of these full models was passed to function dredge of package MuMIn (Barto 2013), 
examining a model fit analysis of all possible combinations of predictor variables allowing 
no more than five of them simultaneously. Computed AICc values were used (i) to identify 
the most powerful predictor variable combination, i.e., the model with lowest AICc, (ii) to 
calculate the evidence ratio of choosing this as the ‘best’ instead of another model by a 
comparison of its AICc with the second lowest AICc etc., (iii) to report Akaike weights of 
all models, which sum to 1, and represent the probability that a model would be selected 
again under identical circumstances (Whittingham et al. 2005), (iv) to define the relative 
importance of a variable as the sum of Akaike weights of all those models including it as a 
predictor. Averaged model coefficients of a 95% confidence set were calculated, i.e., for 
those models which add up to 95% of the cumulative weight of all models. This multimodel 
inference approach takes ambivalence in the dataset into account (Whittingham et al. 2006) 
and was combined with a t-test to classify the variation of parameter estimates, i.e., the di-
rection of the effect of a single predictor. 
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This approach was repeated 1000 times, each time adding a random generated null predic-
tor to the set of covariates. A distribution of their relative variable importance allowed to 
judge whether the importance of a particular covariate is likely to be random or not. A full 
overview of the soil and microbial data used within the IT-approach is presented with their 
mean and standard deviation in Tables 6 to 10 at the end of the current section. 
Effects of land-use change and soil depth on soil microbial biomass and activity 
In order to investigate effects of land-use change on soil microbial biomass, the microbial 
biomass-to-soil organic carbon ratio (MBC-to-SOC ratio) was selected as proxy, since this 
ratio considers the biomass density to the potential substrate. By accounting for SOC gradi-
ents with soil depths it is possible to extract the variability of other important factors inde-
pendent of SOC. The MBC-to-SOC ratio was previously applied as valuable indicator of 
effects of vegetation cover, ecosystem disturbance, and land management on soil microor-
ganisms (Anderson and Domsch 2010; Joergensen 2010). 
Pasture establishment significantly increased soil MBC-to-SOC ratio by a factor of approx. 
2, while land abandonment caused to a decrease below forest level (Fig. 4). Secondary suc-
cession sites significantly differed from pasture sites (Tab. 3) with the site explaining ap-
prox. 79% of variation in MBC-to-SOC ratio. 
 
Figure 4: Microbial C-to-SOC ratio (mean and SD, n = 6 except of forest with 5) of three soil 
depths along the land-use sequence of a tropical mountain rainforest region of southern Ecuador. 
Significant differences between sites (Kruskal-Wallis-ANOVA and Tukey's-HSD test for unequal 
N, P < 0.05) are denoted with letters (a>b>c). S0 = natural forest, S1 = 8yr-old pasture, S2 = 20yr-
old pasture, S3 = 30yr-old pasture, S4 = 55yr-old pasture, S6 = abandoned pasture, S7 = shrubland). 
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These changes along the land-use gradient were consistent with soil depth (Fig. 4). The in-
significant differences between r²m and r²c indicated that soil depth modified the MBC-to-
SOC ratio only slightly (Tab. 4). Explanatory power of soil depth never exceeded 6% be-
tween different model subsets (Tab. 4). 
Table 3: Results of a Kruskal-Wallis-ANOVA testing the effects of site on soil microbial biomass 
and activity along the land-use sequence of a tropical mountain rainforest region of southern Ecua-
dor. Effect sizes were calculated by H-value / (n-1). 
 
*, **, *** show statistical significance at the 0.05, 0.01, 0.001 level, respectively. 
SOC   Soil organic carbon (dry combustion, CNS-analyser). 
MBC   Microbial biomass carbon (chloroform-fumigation method, KEC = 0.45). 
C-mineralization   average daily CO2-C release during 14 days of incubation (basal respiration according to Isermeyer (1952)). 
Gross-NH4+-N-consumption and Gross-NH4+-N production during 1 day of incubation (15N isotope dilution method). 
Land-use change altered C-mineralization (i.e., basal respiration in vitro) with pastures 
showing highest rates and shrubland lowest (Fig. 5). However, significant variation within 
pasture sites indicated effects of pasture age on C-mineralization. Decreased soil depth sig-
nificantly reduced C-mineralization rate with the steepest decrease occurring from 0-5 to 5-
10 cm depth interval (Fig. 5). This was further supported by the sharp increase in r²c com-
pared to r²m (Tab. 4). The size of the soil depth effect depended on the respective submodel 
(Tab. 4) with depth explaining up to 63% of variation in C-mineralization. The low effect 
size of depth in the combined model indicated that the combination of different predictor 
subsets already integrated soil depth gradients. 
  
site       
 H-value  effect size 
0-5 cm 
df= 1,41 
5-10 cm 
df= 1,41 
10-20 cm 
df= 1,41 
0-5 cm 
df= 1,41 
5-10 cm 
df= 1,41 
10-20 cm 
df= 1,41 
MBC–to–SOC 31.49*** 31.58*** 31.05***  79% 79% 78% 
C-mineralization 29.45*** 27.60*** 32.75***  74% 69% 82% 
Gross- NH4-N-consumption 31.14*** 24.33*** 32.64***  78% 61% 82% 
Gross-NH4-N-production 20.98** 22.67** 21.62**  53% 57% 54% 
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Table 4: Results of the IT-approach testing the effects of soil depth (0-5 cm, 5-10 cm, 10-20 cm) on 
the relationships between different subsets of explanatory variables and soil microbial bio-
mass/activity along the land-use sequence of a tropical mountain rainforest region of southern Ec-
uador. Effect of soil depth (in % of variability) was calculated as the difference between r²c and r²m 
of a Generalized Linear Mixed Model. 
 
SOC   Soil organic carbon (dry combustion, CNS-analyser). 
MBC   Microbial biomass carbon (chloroform-fumigation method, KEC = 0.45). 
C-mineralization   average daily CO2-C release during 14 days of incubation (basal respiration according to Isermeyer (1952)). 
Gross-NH4+-N-consumption and Gross-NH4+-N production during 1 day of incubation (15N isotope dilution method). 
 
Figure 5: C-mineralization rate in nmol C g-1 soil (daily average of 14 days of laboratory incuba-
tion, mean and SD, n = 6 except of forest with 5) of three soil depths along the land-use sequence of 
a tropical mountain rainforest region of southern Ecuador. Significant differences between sites 
(Kruskal-Wallis-ANOVA and Tukey's-HSD test for unequal N, P < 0.05) are denoted with letters 
(a>b>c). S0 = natural forest, S1 = 8yr-old pasture, S2 = 20yr-old pasture, S3 = 30yr-old pasture, S4 
= 55yr-old pasture, S6 = abandoned pasture, S7 = shrubland). 
The gross-NH4-N-consumption rate was affected by land-use change with pasture sites 
showing highest consumption rates. However, variation within pastures and within second-
ary succession sites indicated the importance of other factors than land-use driving ammo-
nia consumption. Increasing soil depth caused declining gross-NH4-N-consumption rate 
(Fig. 6) while the order of magnitude of decline was lower than observed for C-
mineralization. This was further sustained by overall low effects sizes of soil depth (be-
tween 0% and 11%) (Tab. 4). 
  
soil environ-
ment 
microbial 
community 
structure 
microbial 
biomass 
resource quan-
tity 
resource quali-
ty 
combined 
model 
MBC–to–SOC 
ef
fe
ct
 si
ze
 o
f s
oi
l 
de
pt
h  
0% 0% 2% 6% 5% 1% 
C mineralization 57% 51% 40% 43% 63% 8% 
Gross-NH4-N-
consumption 0% 4% 0% 7% 11% 0% 
Gross-NH4-N-
production 49% 42% 41% 45% 47% 35% 
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Figure 6: Gross-NH4-N-consumption rate in nmol N g-1 soil during 1 day of laboratory incubation 
(mean and SD, n = 6 except of forest with 5) of three soil depths along the land-use sequence of a 
tropical mountain rainforest region of southern Ecuador. Significant differences between sites 
(Kruskal-Wallis-ANOVA and Tukey's-HSD test for unequal N, P < 0.05) are denoted with letters 
(a>b>c). S0 = natural forest, S1 = 8yr-old pasture, S2 = 20yr-old pasture, S3 = 30yr-old pasture, S4 
= 55yr-old pasture, S6 = abandoned pasture, S7 = shrubland). 
Topsoil gross-NH4-N-production showed a high degree of variability. Indeed, N-
mineralization rates at natural forest and pasture sites were not different, and secondary 
succession sites tended towards low N-mineralization rates. In contrast to gross consump-
tion rate, significant decreases in N-mineralization were observed with soil depth (Fig. 7) 
explaining up to 49% of variability in N-mineralization rates (Tab. 4).  
 
Figure 7: Gross-NH4-N-production rate in nmol N g-1 soil during 1 day of laboratory incubation 
(mean and SD, n = 6 except of forest with 5) of three soil depths along the land-use sequence of a 
tropical mountain rainforest region of southern Ecuador. Significant differences between sites 
(Kruskal-Wallis-ANOVA and Tukey's-HSD test for unequal N, P < 0.05) are denoted with letters 
(a>b>c). S0 = natural forest, S1 = 8yr-old pasture, S2 = 20yr-old pasture, S3 = 30yr-old pasture, S4 
= 55yr-old pasture, S6 = abandoned pasture, S7 = shrubland). 
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Drivers of changes in microbial biomass and activity 
For the MBC-to-SOC ratio, model selection suggested that the combined predictors were 
best (AICc = -185) in describing the density of microbes normalized to bulk soil C (“best 
model” accounted for 86% of variability; r²m in Table 5). Microbial stoichiometry (micro-
bial C:N) as well as microbial resources (soil C:N, Pt) contributed significantly to the high 
performance of the combined model while soil chemical variables and microbial communi-
ty structure did not contribute to the “best” model. The higher the Pt and the lower the soil 
C:N, the higher the MBC-to-SOC ratio. An increase in microbial C:N ratio was associated 
with an increase in MBC-to-SOC ratio. Comparison with the null predictor model suggest-
ed that the combined model was not random. Considerable shifts in soil Pt and C:N were 
observed for forest conversion to pasture and after land abandonment (Tab. 9). Thus, ob-
served relationships between microbial resources and microbial density were likely driven 
by land-use change. 
For the C-mineralization rate, the “best” model (AICc = 59) accounted for 80% of variabil-
ity. The “best” model is a combined model including predictors from different submodels 
(Tab. 5). In particular, soil N and P demonstrated strong positive effects on C-
mineralization, while exchangeable Al exerted strong negative effects on C-mineralization 
rate. Interestingly, microbial community structure contributed significantly to the model 
performance, with Gram-positive and Gram-negative bacteria as well as protozoa being 
positively associated with C-mineralization. In contrast, a single PLFA-marker, cy19:0, that 
has high abundances at the natural forest site, showed strong negative associations with C-
mineralization rate. The comparison with null predictor model suggested that the combined 
model was not random. A remarkable decrease in exchangeable Al associated with an in-
verse shift in base saturation (Tab. 6) was associated with forest conversion to pastures and 
with secondary succession. In addition to the alterations in N and P with land-use change, 
C-mineralization seems to be susceptible to land-use induced alterations. The significant 
negative effect of soil depth on C-mineralization was likely associated with increases in 
exchangeable Al which directly affected microbial physiology and community structure.  
Gross-NH4-N-consumption rate was best described (68% of variability) by the combination 
of different model subsets (AICc = 215). DOC-to-SOC ratio, DOC, TDN-to-Nt ratio, and 
MBC were strongly positively associated while exchangeable Al was negatively associated 
with gross-NH4-N-consumption rate (Tab. 5). Soil microbial community structure contrib-
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uted to the combined model, with Gram-positive bacteria enhancing rates while protozoa 
abundance suppressed gross-NH4-N-consumption. In general, soil environment and re-
source quality had the strongest contributions to model performance. The proportions of 
DOC on SOC and of TDN on Nt that are reduced by pasture degradation processes and 
land abandonment (Tab. 10) appear to explain the absence of an effect of soil depth on 
gross-NH4-N-consumption rate.  
Gross-NH4-N-production rates were best described by the resource quality model (AICc = 
108) and the combined model (AICc = 106). The latter consisted in part of the predictors of 
the resource quality model (Tab. 5). However, both models explained only low proportions 
of variability of N-mineralization rates (17% and 25%, respectively). Soil C:N and 
DOC:TDN ratio as affected by pasture degradation and secondary succession were nega-
tively related to gross-NH4-N-production rate, i.e., the lower the N availability relative to 
the availability of C the lower is the N-mineralization. With increasing abundance of Gram-
positive bacteria N-mineralization was reduced. Variable importance of the null predictor 
model was high. However, the contributions of the above mentioned predictors were not 
random. 
In general, all indicators of microbial activity were not associated with microbial C:N:P 
stoichiometry (data not shown here). 
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Table 7: Biological characteristics (i.e., the soil microorganism biomass & stoichiometry submodel within the IT-
approach) of soils investigated along a natural forest – pasture – secondary succession sequence and of different soil 
depths in a tropical mountain rainforest region of southern Ecuador (mineral soil: 0-5 cm, 5-10 cm, 10-20 cm; x = 
mean, SD = standard deviation, n=6 except forest with n=5). 
variables
MBC
(µmol g-1)
MBC:MBN
(molar) 
MBC:MBP
(molar)  
MBN:MBP
(molar) 
statistic x SD x SD x SD x SD
natural forest 0-5 cm 109 13 8.0 0.33 41.5 12.7 5.1 1.58
5-10 cm 73 18 7.4 0.37 57.7 12.7 7.8 1.67
10-20 cm 43 8 7.4 0.67 72.1 8.9 9.7 1.91
8yr-old pasture 0-5 cm 115 51 6.4 0.50 22.6 3.0 3.5 0.58
5-10 cm 86 29 6.7 0.38 33.8 6.6 5.0 1.03
10-20 cm 62 22 7.1 0.25 39.6 8.2 5.5 1.25
20yr-old pasture 0-5 cm 185 38 7.0 0.18 21.2 5.4 3.0 0.70
5-10 cm 100 22 7.9 0.44 31.5 3.8 4.0 0.53
10-20 cm 56 9 7.9 0.20 33.0 3.1 4.2 0.50
30yr-old pasture 0-5 cm 193 24 6.5 0.20 41.1 10.4 6.3 1.57
5-10 cm 114 32 7.3 0.35 61.6 28.8 8.4 3.87
10-20 cm 66 14 6.7 0.35 77.2 19.2 11.4 3.32
55yr-old pasture 0-5 cm 107 39 8.1 1.49 32.9 10.7 3.8 1.89
5-10 cm 62 13 8.7 1.66 66.1 19.8 7.4 2.85
10-20 cm 34 12 8.9 0.37 93.0 33.3 10.3 3.91
abandoned pasture 0-5 cm 66 5 9.3 0.78 17.2 7.8 1.7 0.78
5-10 cm 48 10 8.8 1.05 24.7 10.0 2.7 1.03
10-20 cm 28 7 9.9 1.79 29.7 8.5 2.8 0.87
shrubland 0-5 cm 86 17 9.9 1.14 27.4 6.4 2.7 0.73
5-10 cm 42 9 10.1 1.39 40.3 20.6 3.8 2.58
10-20 cm 20 4 10.3 2.06 47.5 17.1 4.5 2.05
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3.4 Extracellular enzyme activities in a tropical mountain rainforest region of 
southern Ecuador affected by low soil P status and land-use change 
 
Tischer A., Blagodatskaya E., Hamer U. (2014): Extracellular enzyme activities in a tropical mountain 
rainforest region of southern Ecuador affected by low soil P status and land-use change. Applied Soil 
Ecology 74: 1-11. 
Abstract 
Little is known about the enzymatic response of microorganisms in soils having a low P status and being 
subjected to global change phenomena, such as forest disturbance and land-use change. Along a land-use 
sequence (natural forest - young pasture - old pasture - abandoned pasture - shrubland) in the Andes of 
southern Ecuador mineral topsoils of Cambisols / Umbrisols were investigated. We tested whether the 
activities of the six hydrolytic enzymes (cellobiohydrolase, -glucosidase, N-acetylglucosaminidase, -
glucosidase, xylanase, acid phosphomonoesterase) were affected by nutrient status and land-use induced 
alterations in soil pH (pHH2O from 3.7 to 5.2), resource quantity and quality (e.g. a SOC:N:P ratio from 
182:13:1 to 1050:38:1) and microbial community structure (as monitored by phospholipid fatty acids). 
Microbial production of acid phosphatase responded to the low P status of the sites by a higher invest-
ment in the acquisition of P compared to C. We determined three major drivers of enzyme activities: 1.) 
Microbial demand for P regulated the production of acid phosphatase, provided that N and C were availa-
ble. At the natural forest site the two-fold higher specific activity of acid phosphatase pointed to a high 
microbial P-demand, whereas the production of acid phosphatase was constrained by the availability of N 
and DOC after pasture abandonment. 2.) Microbial biomass that was controlled by pH and resource 
availability (total soil N (organic and inorganic N), organic P (Bray-fraction)) was the main driver for 
cellobiohydrolase, -glucosidase and N-acetylglucosaminidase activities. 3.) Substrate induction due to 
increased litter inputs of herbaceous plant species seemed to regulate -glucosidase and xylanase activi-
ties during secondary succession. In contrast, alterations in the abundance of microbial groups affected 
the variation in extracellular enzyme activities only marginally. At the level of broadly defined microbial 
groups (PLFA), our results point to functional similarity in the decomposition of simple organic material.  
Keywords: low nutrient status, land-use change, extracellular enzymes, tropical mountain rainforest, mi-
crobial resource stoichiometry, P-demand 
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3.5 Soil microbial community structure and resource availability drive the 
catalytic efficiency of hydrolytic enzymes under land-use change conditions 
 
Tischer A., Blagodatskaya E., Hamer U. (2015): Microbial community structure and resource availability 
drive the catalytic efficiency of soil enzymes under land-use change conditions. Soil Biology and Bio-
chemistry 89: 226-237. 
Abstract 
The turnover of nutrients bound to organic matter is largely mediated by extracellular hydrolytic enzymes 
(EHEs) produced by soil microorganisms. However, little is known about the environmental drivers (e.g., 
soil pH, C content, C:N ratio ) of the catalytic properties of EHEs and their functional link to the structure 
of soil microbial communities. We linked catalytic properties, Km and Vmax, determined by Michaelis-
Menten kinetics, to a set of environmental and microbial properties in the soils of a land-use sequence 
ranging from undisturbed natural forest to pastures of different ages and to secondary succession in the 
Andes of southern Ecuador. The sensitivity of the substrate affinity constant (Km) and the maximum rate 
(Vmax) of six EHEs (ș -cellobiohydrolase (CBH), ș -glucosidase (BG), N-acetylglucosaminidase 
(NAG), Ș-glucosidase (AG), xylanase (XYL), acid phosphomonoesterase (AP)) to changing environ-
mental conditions was tested by fluorogenic substrates. We used the Vmax-to-Km ratio (Ka) as a proxy 
for the catalytic efficiency and the signature membrane phospholipid fatty acids as a proxy of microbial 
community structure. Microbial communities adapted to environmental changes, selected for enzymes 
with higher substrate affinity (Km) and catalytic efficiency (Ka) compared with pure cultures. Along the 
land-use sequence, catalytic efficiency increased from natural forest to young pasture, while it decreased 
during long-term pasture use and secondary succession. This is consistent with three to five times faster 
turnover of tested substrates (estimated based on Michaelis-Menten kinetic parameters) at the young pas-
ture compared with the long-term pasture and secondary succession. Environmental drivers of the Km 
were enzyme-specific (e.g., the pH for XYL, the C:N ratio for AP, and the C availability for NAG) and 
differed from those for Vmax. A decoupled response of Vmax and Km to land-use changes observed for 
AG, BG, CBH, XYL, and AP, implies divers consequences for ecosystem processes mediated by these 
enzymes. A high abundance of Gram(-) bacteria triggered the catalytic properties (Km and/or Ka) of en-
zymes decomposing cellulose, hemicellulose, starch, and monophosphoesters. The importance of climatic 
factors for catalytic properties of EHEs was emphasized by the Ka values extracted from the literature 
and demonstrated good correspondence of Ka between soils from geographically distinct experimental 
plots. 
Keywords: extracellular enzyme activity, Michaelis-Menten kinetics, Isoenzymes, PLFA, Soil organic 
matter turnover, The Andes of southern Ecuador 
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3.6 Above- and belowground linkages of a nitrogen and phosphorus co-limited 
tropical mountain pasture system - responses to nutrient enrichment 
 
Tischer A., Werisch M., Döbbelin F., Camenzind T., Rillig M.C., Potthast K., Hamer U. (2015): Above- 
and belowground linkages of a nitrogen and phosphorus co-limited tropical mountain pasture system – 
responses to nutrient enrichment. Plant and Soil 391(1): 332-352. 
Abstract 
Little is known about how N and P co-limited ecosystems respond to single nutrient enrichment. This 
work assesses the susceptibility of above- and belowground ecosystem components and of their linkages 
in an N and P co-limited pasture to N- and P-enrichment. We tested if the plants´ responses can be ex-
plained by the concept of serially linked nutrients introduced by Ågren (2004). In this concept, the control 
of the growth rate by one nutrient is assumed to depend on the control of a different cellular process by 
another nutrient. 
We investigated the responses of shoot and root biomass and C:N:P stoichiometry of the grass Setaria 
sphacelata (Schumach.) to moderate N, P, and N+P application over five years. In addition, the effects of 
nutrient enrichment on soil nutrient pools, on arbuscular mycorrhizal fungi (AMF) as well as on microbial 
biomass, activity, and community structure (phospholipid fatty acids: PLFA) were tested. In order to 
evaluate the importance of different factors explaining microbial responses, we applied a likelihood-based 
information-theoretic approach. 
The application of N+P increased aboveground grass biomass (+61%). Root biomass was stimulated by 
P-treatment (+45%). Grass C:N:P stoichiometry responded by altering the P-uptake (P-treatment) or by 
translocating P from shoot to root (N-treatment). In particular, root C:N and C:P stoichiometry decreased 
in P- and in N-treatment. Extractable fractions of soil C, N, and P were significantly affected by nutrient 
enrichment. P application increased the biomass of Gram-positive bacteria (+22%) and the abundance of 
AMF (+46%), however, results of the IT-approach suggested indirect effects of nutrient enrichment on 
microbes. 
The responses of the N and P co-limited pasture to particular nutrient enrichment support the concept of 
serially linked nutrients. The present study provides evidence for the fundamental importance of P for 
controlling resource allocation of plants in responses to nutrient enrichment. Resource allocation of the 
grass rather than direct effects of nutrient additions drives changes in AMF, microbial biomass, communi-
ty structure, and activity. 
Keywords: arbuscular mycorrhizal fungi, C:N:P stoichiometry, dissolved organic carbon, information-
theoretic approach, soil microbial biomass, soil microbial community structure 
Since the article Tischer et al. (2015) is protected by copyright, please use the following internet link: 
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4 Synthesis and conclusions 
4.1 Ecological gradients along the land-use sequence and their effects on 
soil microorganisms and ecosystem functioning 
Soil microbes face strong ecological gradients associated with land-use changes 
In the study area, the conversion of the natural forest by slash-and-burn practice destroyed 
large C and nutrient pools aboveground and reallocated nutrients from forest biomass and 
organic layers to the topsoils (and the atmosphere). These disturbances caused significant 
soil ecological gradients with increased availability of important nutrients (quantitatively as 
well as stoichiometrically) and improved the chemical status of the topsoils of the newly 
established pastures (decrease in exchangeable Al, increase in soil pH) (Tischer et al. 
2014a; Tischer et al. 2014b). Ecological gradients caused by forest conversion and pasture 
establishment were well expressed by soil C:N:P ratios, but a lag-time of at least 8 years 
exists until C:N:P stoichiometry reaches a new state (Tischer et al. 2014b). While soil C:N 
and C:P ratios at the natural forest site were higher than found for other tropical forests 
(mean: 15.8, CI: 14.1-17.7) (Xu et al. 2013), the conversion of forest caused to a decrease 
in soil C:N and C:P ratios which was comparable with the level for grasslands and pastures 
at the global scale (mean: 13.3 and 15.5, CI: 12.8-13.9 and 14.8-16.3, respectively) (Xu et 
al. 2013). In other words, topsoil gradients created by land-use change in one region estab-
lished resource gradients that normally can be found at the biome scale. A lack of pro-
nounced shifts in the soil C:N ratios with mineral soil depth was observed, while soil C:P 
ratios were strongly different. The differences in soil C:N:P stoichiometry between land-use 
types were higher indicating the large impact of ecosystem disturbance for the relative 
abundance of microbial resources (Mulder et al. 2013). 
Soil microorganisms respond to environmental gradients 
Soil microbial biomass responded sensitively to the environmental gradients (Tischer et al. 
2014a; Tischer et al. 2014b)(section 3.3). For global estimates of the factors that determine 
soil microbial biomass, the soil C:N ratio caused up to 28% of the variability in microbial 
biomass C (Serna-Chavez et al. 2013). This demonstrates the predictive value of microbial 
biomass and supports the results of the applied IT-approach (section 3.3). 
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Microbial C:N:P stoichiometry showed distinct patterns that depended on the scale of ob-
servation. In Tischer et al. (2015) we observed a small decrease in microbial C:N, but no 
shift in the N:P ratio in response to low-dose nutrient enrichment. In contrast, at the broad 
scale of the land-use gradient and with soil depth, variation in microbial C:N:P were higher 
(Tischer et al. 2014b). These observations demonstrate that adjustment of community 
C:N:P is a prerequisite for microorganisms to solving the challenges they are facing in 
complex soil environments.  
Topsoil pH gradients induced by forest burning (2 pH units) represent a shift from extreme-
ly acidic to moderately acidic conditions. During secondary succession soil pH returned to 
extremely acidic conditions (Tischer et al. 2014a). This is important to note, since soil pH 
caused up to 20% of the variability in models that estimated soil microbial biomass C at the 
global scale (Serna-Chavez et al. 2013). However, for the studied land-use sequence the 
effects of soil pH on microbial biomass C were of minor importance or indirect. Exchange-
able Al seems to be of higher direct importance. As indicated by the IT-approach already 
described, Al negatively affected basal respiration and gross-NH4-N consumption rate of 
soil microorganisms (section 3.3). Al toxicity or at least negative effects on soil microbial 
biomass, community structure, and activity were reported in the literature (Blagodatskaya 
and Anderson 1998; Joner et al. 2005; Aciego Pietri and Brookes 2008). For example, 
Joner et al. (2005) experimentally increased Al concentrations in soil and soil solution 30- 
to 140-fold. In situ they found an increase in cy19:0 and a decrease in 18:1n7 PLFA-
markers indicating either alterations in the community of Gram-negative bacteria or in the 
phospholipid composition of Gram-negatives’ cell membranes that are not associated with 
shifts in community structure. The later mechanism is related to structural changes in PLFA 
in response to stress conditions. Stress increases the fluidity of cell membranes which leads 
to losses in function (Kaur et al. 2005). Gram-negative bacteria can stabilize their mem-
branes by increasing the proportion of cyclopropyl fatty acids (cy17:0, cy19:0) with 
16:1n7c and 18:1n7c being the direct precursors for biosynthesis of cyclopropyl fatty acids 
(Kaur et al. 2005). This mechanism could be one explanation for the combined importance 
of cy19:0 and Al for microbial basal respiration. It points to an increase in C investment for 
the maintenance of cellular integrity due to physiological stress induced by increasing Al 
concentration. These observations underline the sensitivity of soil microorganisms as inte-
grative indicator for soil environmental status (Pulleman et al. 2012; Mulder et al. 2013), 
even though a set of indicators is needed for careful definition and interpretation of critical 
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soil conditions. Furthermore, exchangeable Al seems to be a better indicator of critical con-
ditions of microbial environment than soil pH. 
The production of extracellular enzymes were altered by land-use change (Tischer et al. 
2014a)(section 3.5). Depending on the enzyme studied, the mechanisms regulating its pro-
duction differ. Thus, the indicative value is enzyme-specific (Tischer et al. 2014a)(section 
3.5). For example, xylanase and N-acetyl-glucosaminidase production was likely induced 
by substrate availability, hence indicating substrate abundance and threshold concentrations 
for induction (German et al. 2011). In contrast, enzymes involved in the degradation of cel-
lulose and hemicellulose are likely to be regulated by constitutive enzyme production at 
high substrate abundances. Hence the production is a function of microbial biomass. At the 
global scale, the ratio of enzyme production acquiring C and P from organic sources is 
close to 1 (Sinsabaugh and Follstad Shah 2012). In contrast, at the study sites the BG:AP 
ratio was significantly lower than 1. In concert with the highly specific production of AP it 
demonstrated a low P status of the sites. Other studies in the tropics showed deviations 
from the 1:1 line as well (Waring et al. 2014). It is interesting to test the usefulness of such 
a ratio since it can be embedded into the theory of ecological stoichiometry. Yet it is ques-
tionable whether the calculation of such a ratio is meaningful at all. The mechanisms regu-
lating the production and activity of EHEs in soils are diverse and partially independent of 
each other (Gianfreda and Ruggiero 2006; Tischer et al. 2014a)(section 3.5), which ham-
pers the interpretation of the ratios.  
Taking the importance of N for the studied land-use systems into account, enzymes in-
volved in the degradation of proteins should be considered for further research (Tischer et 
al. 2014a). Finally, the information contained in enzyme data may depend on the scale as 
suggested by the different drivers of the parameters of the Michealis-Menten kinetics 
(Tischer et al. 2014a)(section 3.5). These explorations can be extended by consideration of 
pH (Turner 2010) and temperature-profiles (German et al. 2012) of catalytic properties of 
EHEs in soils in order to define critical soil conditions for ecosystem functioning.  
Consequences of environmental gradients for organic matter turnover 
At the pasture sites, soil microorganisms responded to improvements in topsoil conditions 
with higher biomass and higher activity which in turn accelerated the turnover of organic 
material (e.g., as indicated by high enzyme activity). This increased organic matter turnover 
corresponded to higher soil CO2-C effluxes (+ ~ 2 Mg ha-1 a-1) at active pasture sites com-
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pared to natural forest in the study area (Potthast et al. 2012b). In addition, this high turno-
ver caused a relatively rapid exchange of the former C3-C from forest vegetation with C4-C 
from pasture grass (after 30 years of pasture use approx. 70% of bulk soil C was C4-C  with 
C4-C% constituting up to 80% in the light density fraction (< 1.6 g cm-3), see Table 11 un-
published data). The exchange of C in SOM was more important than the change of the 
total SOC stocks (Fig. 8). This confirms previous conclusions of studies concerning the 
tropics (Wilsey et al. 2002). However, the exchange dynamics differ between lowland and 
mountainous tropical forest regions with that of the latter being slower. It demonstrates the 
importance of climatic factors, such as temperature, for SOM dynamics.  
Table 11: Relative proportions of soil C derived from Setaria sphacelata (C4-photosynthetic path-
way) along the land-use sequence of a tropical mountain rainforest region in southern Ecuador. Data 
were calculated from 13 C signature of bulk soil organic C as described in Makeschin et al. (2008). 
Aritmetic mean and standard deviation (n=6). Unpublished data from Potthast K., Tischer, A. 
Potthast, A., Rosenau, T. & Hamer, U. 
variable  C4-C (% of SOC) 
statistic Soil depth x SD 
8yr-old pasture 0-5 cm 28.2 7.4 
 5-10 cm 18.5 3.1 
 10-20 cm 16.1 9.6 
20yr-old pasture 0-5 cm 50.5 4.8 
 5-10 cm 35.2 4.2 
 10-20 cm 28.6 2.0 
30yr-old pasture 0-5 cm 66.8 6.8 
5-10 cm 37.8 11.0 
 10-20 cm 23.0 3.3 
55yr-old pasture 0-5 cm 45.7 3.1 
 5-10 cm 34.9 0.8 
 10-20 cm 36.0 4.2 
abandoned pasture 0-5 cm 15.2 3.5 
 5-10 cm 22.0 5.6 
 10-20 cm 28.5 4.1 
shrubland 0-5 cm 9.2 2.2 
 5-10 cm 22.5 3.6 
10-20 cm 27.5 1.9 
The increase in C release to the atmosphere demonstrates the potential divergence between 
the soil function to provide nutrients for autotrophic growth by OM decomposition and 
soils’ capability to sequester C from the atmosphere. At the global scale, forest conversion 
often reduced C stocks (up to - 30%) in soils or caused indifferent changes (Don et al. 
2011). Moreover, it seems that the direction and magnitude of changes in soil C stocks de-
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pend on time and intensity of soil use for crop and livestock production (Bahr et al. 2014), 
and the life strategy types of plant species (Allison 2012). The pasture grass Setaria
sphacelata is a fast growing competitive species with high nutrient acquisition capacity that 
has a high root biomass production and turnover rate (see section 3.6). Thus, Setaria is not 
likely to diminish soil C stocks per se.  
 
Figure 8: Soil organic C stocks of topsoils (organic layer and mineral soil up to 20 cm depth) along 
the land-use sequence of a tropical mountain rainforest region in southern Ecuador (unpublished 
data; methodology and calculations according to Hamer et al. 2012, note: for pastures the dense root 
mat was not included in the calculations, however, it contributes as much C as the 0-5 cm mineral 
soil depth) (mean and SD, n=6).  
Root-derived C of S. sphacelata largely contributed to topsoil C stocks in the study area 
(Hamer et al. 2012). Sustaining pasture productivity can positively contribute to soil C se-
questration (Parton et al. 1993). It can be achieved by managing the nutrient balance 
through adapted fertilization (Parton et al. 1993; Wilsey et al. 2002; Potthast et al. 2012a; 
Bahr et al. 2015) and by avoiding pasture burning as a means against bracken fern infesta-
tion. Burning of bracken infested pastures is widely applied in the study area (Gerique 
2010) but was demonstrated to be insufficient and even counterproductive in avoiding the 
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dominance of bracken fern (Roos et al. 2010). Testing alternative grass species might be 
one further possibility to reduce nutrient exports, since S. sphacelata has high P require-
ments per unit biomass production (section 3.6), typical for the C4 photosynthetic pathway. 
For searching alternative plant species, considering the life strategy in the context of the 
soil nutrient availability could be of advantage (Chapin et al. 2011). For example, C4-
species with good competitive performance seem to have higher P requirements, but use N 
more efficiently than C3-species (Güsewell 2004). This demonstrates the need for a site-
specific evaluation and decision of the usefulness of particular plant species with plant stoi-
chiometry as supporting tool (Güsewell 2004; Mulder et al. 2013).  
In the study area, microbial resource availability decreased during long-term pasture man-
agement and secondary succession. Lower microbial resource availability reduced microbi-
al biomass and nutrient mineralization rates while soil C stocks tended to increase, likely as 
a consequence of microbial constraints in processing OM. This deceleration of OM turno-
ver was demonstrated by the results of the IT-approach for gross-NH4-N-consumption and 
–mineralization rates and was also indicated by turnover times calculated from the catalytic 
properties of EHEs (section 3.5). Even though land abandonment can contribute to an in-
crease in soil C sequestration, it is counterproductive for reaching SDGs such as food pro-
duction.  
4.2 “Do we need the understanding of soil microbial communities to draw 
conclusions about ecosystem functioning?” 
Currently, there is much debate about the relevance of soil microorganisms with regards to 
the understanding, modelling and prediction of ecosystem functions, such as OM turnover 
and nutrient mineralization (Kemmitt et al. 2008; Brookes et al. 2009; Kuzyakov et al. 
2009; Graham et al. 2014). According to the results of this thesis, the microbially mediated 
processes in soil were not constant across the investigated land-use sequence. Microbial 
functioning varied as soil chemical conditions and properties of microbial communities al-
tered along the land-use induced ecological gradients. This points to dissimilarities or non-
equivalence of microbial communities in functioning, with consequences to nutrient cy-
cling processes (Allison and Martiny 2008; Bradford and Fierer 2012). Moreover, these 
results demonstrate the need for the explicit consideration of microbes in theoretical con-
cepts of terrestrial ecosystem and nutrient models (Allison et al. 2010), with soil enzymes’ 
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catalytic properties being suitable and biochemically defined proxies. Indeed, for SOC 
models, it was shown that consideration of possible microbial adaptations, such as changes 
in the C use efficiency or in the catalytic properties of EHEs, substantially altered model 
predictions, in particular in a world under change (Allison et al. 2010; Bradford 2013). 
This thesis demonstrates that soil microbial biomass is a good predictor for overall enzyme 
production at high substrate concentrations and, thus, for OM turnover. Furthermore, the 
gross-NH4-consumption and –mineralization rates were positively related to microbial bi-
omass. They are a function of biomass. However, for enzyme functioning at low substrate 
concentrations and for in vitro C mineralization (i.e., basal respiration interpreted as a 
measure of the availability of resources) soil microbial biomass is not a sufficient predictor. 
Thus, microbial functioning is disconnected from microbial biomass and more likely relat-
ed to microbial physiology or to abundance of single microbial groups. 
In contrast to the importance of soil resources and soil chemical environment for microbial 
functioning, microbial C:N:P stoichiometry was of minor importance in combined models. 
This indicates the existence of hierarchical forces for microbial activity. It suggests a de-
coupling of microbial community stoichiometry and the investigated microbial functions at 
the scale of this study. 
4.3 Implications of land-use change for nutrient cycling and the ecosys-
tems’ sensitivity to nutrient inputs 
The sensitivity of soil microbial communities to environmental gradients suggests that vari-
ations in the constraints of microbial biomass and activity: 1) have land-use specific impli-
cations for the retention and turnover of nutrients in the plant-soil system; and 2) cause dif-
ferences in the susceptibility of a particular system to further global change, such as atmos-
pheric nutrient inputs. 
Previous research at the natural forest site revealed an “open” N cycle (Wilcke et al. 2013), 
i.e., the system releases more N than can be bound within N pools in the plant-soil system. 
In addition, it seems that the N cycle “turns inorganic”. This is the quantitative shift in the 
ecosystem N budget from the mineralization of organic N sources to atmospheric inorganic 
inputs (Wilcke et al. 2013). Increased N output from forest ecosystems has ecologically 
relevant effects on other ecosystems (Wilcke et al. 2001). The data presented herein support 
these findings, e.g., as indicated by the low gross-NH4-N-consumption rate vs. the high 
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gross-NH4-N-production rate observed in the topsoil of the natural forest. Moreover, the 
NO3--N to NH4+-N ratio is much higher than 1, indicating a “leaky” N cycle at the natural 
forest (Davidson et al. 2007). This was supported by positive 15N values of the litter layer 
(Oi) at the natural forest (enriched in 15N, 15N = 1.39 ‰ (SD ± 0.93), data not published). 
In contrast to this conclusion, the cycling of N at the pastures and the secondary succession 
sites is likely to be closed. The shrubland site is characterized by a very low NO3--N to 
NH4+-N ratio, a negative 15N value of the litter layer (Oi: 15N = -1.74 ‰ (SD ± 0.33)), 
and by a high gross-NH4-N-consumption rate vs. a low gross-NH4-N-production rate. This 
implies a lower N output from pastures and secondary succession sites to other ecosystems 
compared to the natural forest.  
The topsoil microbial community at the natural forest produced more acid phosphatase 
(AP) relative to the microbial biomass than the microbes at the other sites. Consequently, 
this accelerated the turnover of P bound in OM. Indeed, the turnover rates calculated from 
AP activity ranging from 0.6 to 2.6 days were high (section 3.5). Further research should 
test how AP activity is related to the abundances of potential substrates, i.e., organic P 
analysis according to Turner et al. (Turner et al. 2003) and Bünemann et al. (Bünemann et 
al. 2008). In addition, AP activity should be related to measurements of phosphodiesterase 
activity (PDE), which could be an alternative constraint for the production of acid phos-
phomonoesterase (AP) limiting the availability of substrate for AP (Turner and Haygarth 
2005). In a recent thesis, Spöri (2015) investigated the effects of fertilization on the activi-
ties of AP and PDE based on para-nitrophenol analogue substrates in the topsoil of the nat-
ural forest in the study area. I used the data of the Appendix of the Spöri study in order to 
investigate correlations between AP and PDE for the natural forest site at 2,000 m a.s.l. 
These data provided evidence that AP and PDE were strongly positively correlated in the 
organic layer (standardized major axis analysis (SMA): r² = 0.631, p < 0.001, n = 16) and A 
horizon (r² = 0.725, p < 0.001, n = 16). The SMA analysis revealed that the slope of the 
linear relationship (b = +8.46 ± 1.80 CI95%) between PDE (x-axis) and AP (y-axis) was 
similar between the O and A horizons, while for the A horizon the intercept was signifi-
cantly lower (p < 0.001) and was not significantly different from 0. This indicated a poten-
tially strong constraint of AP by PDE activity, however, although the slope of ~8.5 was 
higher than expected from theory. Therefore, further research should consider the drivers of 
PDE, measured by MUF substrates (better sensitivity) at various substrate conditions. Ad-
ditionally, AP and PDE activities should be studied together with gross-P-consumption and 
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–mineralization rates in order to combine the benefits of different methodological ap-
proaches and to improve predictions of ecosystem responses to nutrient depletion or en-
richment. Atmospheric nutrient inputs may change AP production as was indicated by the 
fertilization experiment (NUMEX) at the natural forest (Homeier et al. 2012). P input may 
suppress AP production by product inhibition. N inputs may enhance AP production as 
long as C-availability does not constrain AP synthesis. However, how this mechanism is 
related to PDE production is still unclear. 
Long-term pasture use without any compensation of nutrient losses and secondary succes-
sion was associated with reductions in soil P stocks (Hamer et al. 2013). At the old pasture 
site, the dissolved N-to-MBC and the inorganic P-to-MBC ratio were low, 0.011 × 10-4 and 
3.36 × 10-4, respectively. This demonstrates shifts in resource constraints of microbes from 
C to N and P, and may be one reason for decreasing SOC concentration at the old pasture 
site due to positive priming effects induced by the pasture grass (Fontaine et al. 2003). As-
suming N/P co-limitation of the aboveground grass production at the old pasture site, at-
mospheric inputs of inorganic N may diminish loss of soil C by slowing down priming ef-
fects. However, under such circumstances nutrient retention in the soil is restricted and 
losses from the plant-soil system are likely. At the shrubland site, the increasing P seques-
tration into increasing aboveground biomass as well as the production of litter low in nutri-
ents caused to the accumulation of organic matter with low P concentration as demonstrated 
by the increase in soil C:P ratio. The soil C:P ratio of the secondary succession sites pointed 
to the need of high investment into AP production. However, the availability of inorganic P 
relative to the amount of microbial biomass is higher at the secondary succession sites 
(abandoned pasture: 4.62 × 10-4, shrubland: 8.17 × 10-4) compared to the natural forest 
(2.76 × 10-4). Thus, relative P availability of microbes is higher compared to the natural 
forest, keeping AP production low and slowing down organic P turnover. This supports the 
assumption of N limitation of microbes at the shrubland. Increases in atmospheric inputs 
may alleviate N-limitation of microbes and may shift microbial activity towards alternative 
constraints with consequences for organic matter turnover. The results of the pasture fertili-
zation experiment (Tischer et al. 2015) suggest that for N/P co-limited systems below-
ground responses to nutrient inputs were mediated by plants’ nutritional status and resource 
allocation.  
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It is an ongoing debate how ecosystems will respond to elevated atmospheric CO2 concen-
trations (Lal 2003, 2004; Luo et al. 2006). Even though the following assumptions are ra-
ther speculative, the expected constraints for an increase in ecosystem C accumulation are 
different between the studied systems. At the natural forest, P availability (Homeier et al. 
2012) potentially constrains ecosystem responses. The Setaria pasture systems are probably 
constrained by N and P availability while at the state of secondary succession N availability 
may regulate sensitivity to elevated CO2. 
4.4 Biological soil degradation and re-cultivation options 
Soil degradation by human–induced nutrient depletion is a global problem which feeds 
back to soil microbial communities. The observed shifts in resource stoichiometry and in 
soil chemistry were indicated by declines in soil microbial biomass and activity. One sup-
porting strategy for the re-cultivation of abandoned sites to active pastures or to forest plan-
tations might be the introduction of N-fixing plants. However, it should be noted in this 
context that N-fixation is a highly energy-demanding process which requires relatively high 
amounts of P (and other elements, such as Co, Mo and Fe) (Chapin et al. 2011). Thus, such 
constraints can restrict re-cultivation measures in practice.  
At the so called “Llashipa” experimental site, a Setaria pasture, low (50 kg N ha-1 a-1; 10 kg 
P ha-1 a-1) and high (150 kg N ha-1 a-1; 30 kg P ha-1 a-1) dose fertilization was tested since 
2010 (Roos et al. 2013) in order to increase nutrient status and pasture productivity of this 
degraded pasture (Kirsten 2011). In the master thesis of Franziska Lübbers (2014), we test-
ed the effects of nutrient enrichment and grazing regime on soil chemistry, soil microbial 
biomass and activity. Briefly, high dose fertilization decreased topsoil pH by about 0.7 pH 
units from 4.7 (±0.2 MAD) to 4.0 (±0.1 MAD). This decrease was associated with an in-
crease in exchangeable Al from 92 μmolc g-1 (±27 MAD) to 145 μmolc g-1 (±8 MAD) and a 
decrease of base saturation from 34% (±16 MAD) to 15% (±5 MAD) mainly due to a re-
duction of Ca. Interestingly, microbial biomass was unaffected while microbial C:N:P rati-
os indicated shifts in microbial community structure (C:N increased with fertilization) or 
microbial physiology (N:P decreased). This implies threshold conditions of soil chemical 
variables. The resistance of the soil microbial community to acidity and Al might be chal-
lenged when the soil pH drops below pH 4.0. These results demonstrated that re-cultivation 
measures should be applied carefully, and high dose nutrient treatment likely accelerates 
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soil degradation in terms of chemical indicators. In addition, high grass biomass production 
in tandem with faster grazing intervals accelerate nutrient exports and thus might be coun-
teractive in the long-run (Frossard et al. 2009). 
Ecology meets economy: Afforestation or intense pasturing improve the ecological and 
economic value of abandoned tropical farmlands 
A selection of the soil microbial indicators presented above was integrated in the ecological 
and economical synthesis performed by Knoke et al. (2014). This study evaluated different 
land-use options for abandoned (degraded) pasture lands in the study area in southern Ec-
uador, with the author of this thesis contributing plant, soil chemical and biological data. 
This paper is considered in this synthesis of the thesis as it demonstrates how soil quality 
indicators can be integrated into the holistic assessment and evaluation of restoration op-
tions for degraded ecosystems. Soil microbial biomass together with microbial resources 
and soil chemical variables were used to evaluate soil quality status. These variables are 
relatively easy to measure and – as demonstrated by the IT-approach – are useful predictors 
sufficiently describing the microbial community status and functioning in topsoils. At this 
point of data synthesis, I can suggest the additional integration of soil and microbial stoi-
chiometry, some PLFA markers, enzyme properties as well as 15N values into soil quality 
assessment whenever possible. This will extend the basis for the evaluation of the effects of 
management options on ecosystem conditions that better considers one of the SDGs of 
“healthy and productive ecosystems” (Griggs et al. 2013). 
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ecreasing agricultural yields and increasing national and
global competition1,2 force farmers to abandon less
productive lands and either clear more pristine forest
for agriculture or give up agriculture as the basis of their
livelihoods. Reclaiming abandoned areas to resume production is
rarely considered a worthwhile alternative. Field et al.3 estimated
that 386Mha of abandoned lands worldwide have the potential
for renewed productive use.
Re-utilization could not only mitigate the increasing pressures
on natural forest, but could also help to alleviate poverty by
improving food security4, to promote rural socio-economic
development5 and to lower rural outmigration. Sustainability
research must, therefore, investigate strategies to recover
abandoned lands6.
Existing approaches to the problem of restoration have largely
been focused on afforestation attempts and either their
ecological7, economic8 or social9 consequences. A more holistic,
but thus far unrealized, ideal of research into the beneﬁts humans
receive from ecosystems should provide biophysically realistic
ecosystem data and models, consider local trade-offs, recognize
off-site effects and involve stakeholders10. Moreover, to promote
sustainable future land use, not only afforestation but also
restoration of agricultural potential should be considered.
Consequently, scientiﬁcally responsible decision support
requires multidisciplinary long-term research that supports
reliable parameterization of customized models.
Although beneﬁt-speciﬁc ecosystem services are generally
narrowly deﬁned as components of nature that are directly
enjoyed, consumed or used as ﬁnal products and services11, we
use a broader approach to assess the capacity of natural processes
and components of restoration options to provide goods and
services12. Our ecological indicators thus quantify ecosystem
functions. Following the classiﬁcation by Boyd and Banzhaf11,
our socio-economic indicators are estimates of the beneﬁts
farmers may obtain from each restoration option.
In the tropical Andes of southern Ecuador, clearing of natural
forest commonly follows the abandonment of pastures and thus
represents a widespread example of unsustainable land use13,14.
This practice occurs mostly in tropical mountain regions
beginning at 1,500m altitude and continuing up to the tree
line15–17, in Latin America and also elsewhere18,19. In our study
area, abandoned pastures have already grown to 35% of the total
pasture area20. One major reason for this adverse development is
the invasion of weeds—mainly tropical bracken fern, which is
resistant to burning—the most common local weed control
tool21. The use of ﬁre begins with the clearing of the natural forest
and is regularly applied thereafter for weed control and pasture
rejuvenation. In this topographically diverse landscape with
highly fragmented vegetation, productive alternatives to leaving
areas abandoned are of utmost ecological and socio-economic
importance22. This applies particularly to southern Ecuador
where the native mountain forests contribute signiﬁcantly to the
outstanding biodiversity23 (Supplementary Methods). In the
present work, we evaluate four different options for
reintegrating abandoned pastures into the production process.
The results of experiments—some running as long as 15 years—
show that both afforestation13 and restoration of pasture24
(‘repasturization’) are feasible alternatives to leaving land
abandoned. However, these results also suggest that large
ﬁnancial inputs as compared with the business-as-usual (BAU)
option—pasturing after clearing of natural forest—are necessary
to establish the restoration options.
The use of appropriate indicators is pivotal to answering
policy-relevant questions concerning the potential beneﬁts that
people may obtain from ecosystems25. The establishment of
standardized methods allows comparisons of ecosystem functions
and beneﬁts if they are adjusted for location and to address
speciﬁc problems. However, the integration of multiple functions
and beneﬁts into a general assessment is still problematic and are
relatively uncommon in the literature25. Our novel evaluation
approach to quantifying and assessing the ecosystem functions
and beneﬁts of different land-use options is an attempt to solve
these problems. It uses normalized indicators to make various
ecosystem functions and beneﬁts comparable, which, in this
study, proves itself to be a robust method even under rigorous
sensitivity assessments. We show that averaged ecological and
socio-economic indicators are highly positively correlated.
Afforestation ranks highest both from the ecological and the
socio-economic points of view, followed by repasturization with
subsequent intense pasturing. However, the options for land
restoration provide relatively low short-term socio-economic
beneﬁts for farmers when compared with the BAU land use
(pasturing after forest clearing). Because of this, to successfully
promote restoration options as a way to relieve the pressure on
biodiverse natural forests, a compensation amount of up to US$
180 ha 1 per year may be necessary.
Results
Assessing ecosystem functions and beneﬁts. We will ﬁrst pre-
sent our approach for assessing multiple ecosystem functions and
beneﬁts of ﬁve land-use options (Table 1). Next, we justify the
selected indicators and brieﬂy illustrate the process of assessing
the various restoration options using data from our study area.
Each indictor subsection concludes with highlighting the results
of general importance for that indicator.
We use 23 indicators to characterize four key elements of
‘Ecological Functions’ and four key elements of ‘Socio-economic
Beneﬁts’ (Table 2), to thoroughly assess the potential ecosystem
functions and beneﬁts provided by the land-use options
investigated. The indicators include supporting (biomass produc-
tion and soil quality) and regulating functions (carbon, climate
and hydrology), as well as provisioning (timber and food) and
social beneﬁts (acceptance by the local people), and are meant to
Table 1 | Characterization of the land-use options investigated.
Land-use option Land preparation Establishment Management
Abandoned pastures: leaving areas abandoned None None None
Alnus: afforestation with native Alnus acuminata
Pinus: afforestation with exotic Pinus patula
Initial removal of weeds
(bracken)
1,111 Trees per
hectare
Weed control in years 1 and 2, 2 thinning
campaigns (years 12 and 16)
Low-input pastures: repasturization with low-input
management after mechanical weed control
1 Year with 4 recurrent
cuttings of bracken
32,400 Grass
plantlets per
hectare
1 Weed control/year
2 Grazing rounds/year
Intense pastures: repasturization with intense
management after chemical weed control
9 Months with 3 recurrent
herbicide applications
As above 3 Grazing rounds/year
3 Fertilization campaigns/year
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represent a comprehensive set of indicators of the potential
capacity for the various restoration options to generate beneﬁts
from ecosystems26.
Social acceptance serves here as an indicator of the cultural
beneﬁt, for example, the compatibility with traditional liveli-
hoods, as well as their contribution to landscape aesthetics or
preserving cultural heritage. Although people often consider both
provisioning and regulating functions when expressing their
preferences, they also tend to include intangible values of land
use, which are largely determined by tradition, experience and
personal preference. However, as intangible cultural values are
impossible to measure in ecological units, social acceptance can
be used as a meaningful proxy for cultural ecosystem beneﬁts,
which are often ignored in existing approaches to assessing
ecosystem services27.
We normalized every indicator by considering the relative
position of each value in the range between the real minimum
(referred to as 0%) and real maximum values (100%) (‘min–max
normalization’) to obtain a unitary performance index, Pi. The
minimum is considered to be the least and the maximum the
most desirable value. Other approaches have used a hypothetical
indicator value of zero as the minimum28,29, although zero is
rarely included in the set of possible results. For example, as
plants always store carbon, assigning a value of zero carbon to
any kind of vegetation is not realistic. Moreover, our min–max
normalization allows us to use indicators for which negative
values are possible (for example, economic indicators). To
combine indicators into a higher-ranked category—the key
element index Pk—we averaged the Pi values. We then formed
the ecological and socio-economic index value of each land-use
option, WPo, by calculating the average of its Pk indices. We
applied the ‘more is better’ principle for most indicators.
However, for ‘overland ﬂow’ and ‘payback period’, the ‘less is
better’ principle was used. This means that applying our scheme
requires some local experience to form a meaningful assessment
of each indicator.
Finally, we use sensitivity scenarios to test the robustness of our
assessment approach. In one scenario, we account for the size of
the differences by weighting the indicator values by their relative
range of variation (objective weighting), because through our
normalization, even small differences in indicator values are
scaled between 0 and 100%. In another scenario, we test the
impact of uncertainty by using both pessimistic and optimistic
estimates (based on 95% conﬁdence limits). After the pessimistic
and optimistic indicators are normalized to create performance
indices, their range is used to evaluate the robustness of our
assessment system. The results of the uncertainty analyses are
described in ‘Synopsis and sensitivity of indices’.
Ecological indicators. Carbon relationships characterize the
uptake and accumulation of carbon—a primary ecosystem
function that is a pivotal part of provisioning (for example, fodder
for cattle or timber), regulating (storage of atmospheric carbon)
and life supporting (organic matter to improve soil quality)
ecosystem services. We use three indicators for this assessment:
biomass production, whole plant-cover carbon accumulation and
soil organic carbon (Table 3 and Supplementary Tables 1 and 2).
Carbon relationships for abandoned pastures assume equilibrium
between production and death of bracken leaves and rhizomes30.
For the tree plantations (Alnus or Pinus, see Supplementary
Methods and Supplementary Tables 3 and 4), average values for
biomass production over a 20-year period are computed, which
account for losses from thinning and mortality.
Annual biomass production of bracken fern on abandoned
pastures is the second highest among the options investigated.
Thus, owing to the combination of the carbon present in this
biomass and the organic carbon of the soil, abandoned areas rank
intermediate in terms of total C-sequestration. The annual (20-
year average) biomass production in the tree plantations is
relatively low (see Supplementary Methods and Supplementary
Fig. 1 for discussion). The corresponding average total carbon
stocks in planta are slightly lower than those in the abandoned
areas. However, when carbon in the accumulating litter layer is
considered (Supplementary Table 3), total carbon sequestration
in the tree plantations is in the same range as that calculated for
abandoned pastures (Table 3). In both pasture types, Setaria is
planted after bracken control. A nearly homogeneous grass
canopy has been achieved after 1.5 years. In the ‘low-input’
variant, nutrient shortage strongly limits growth, even before
weeds come up. After two rounds of (simulated) grazing,
equilibrium biomass production is established with an above-
Table 2 | Categories, key elements and associated indicators, data sources.
Categories Key elements Indicators Data source
Ecological
functions
Carbon
relationships
Biomass production, carbon in planta,
soil organic carbon
Afforestation: statistical regression models, parameters
estimated from ﬁeld data; pastures and abandoned pastures:
ﬁeld data plus process-based model for annual below-ground
biomass production
Climate regulation Evapotranspiration, momentum ﬂux Process-based models, most model parameters estimated from
ﬁeld data
Hydrological
regulation
Surface ﬂow, groundwater recharge, area-
speciﬁc discharge
Soil quality pH, soil organic carbon, base saturation, carbon
in microbial biomass, C-mineralization,
N-mineralization, PO4-P
Field data
Socio-
economic
beneﬁts
Net present value
Payback period
5% and 8% discount rates Evaluation of timber and cattle products with market prices and
costs (obtained from household surveys supplemented by data of
the Food and Agriculture Organization of the United Nations)
Saraguro
preference
Mestizo
preference for
each land-use
option
Saraguros asked with and without the
option of subsidies
Mestizos asked with and without the
option of subsidies
Standardized questionnaires
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to below-ground average ratio of 0.05. Owing to the very low C
content in the standing above-ground biomass, C-sequestration
potential in low-input pasture is the lowest of all the land-use
options investigated. In contrast, fertilization of pastures in the
high-input alternative results in an almost two-fold (over low-
input pasture) and in some cases even a six-fold increase (over
tree plantations) in above-ground biomass production. All of the
grass leaf biomass except the basal 20 cm is removed in each of
the three (simulated) grazing rounds.
The annual biomass production differs among the ﬁve
ecosystem alternatives by a factor of 6.5 and plant-bound carbon
by a factor of 2.6. The amount of carbon sequestered by each is
similar (DB20%) due to the soil-bound fraction, which is high in
all options. Because of high annual biomass production, the
indices for ‘Carbon relationships’ are high for intense pasturing,
moderate for both abandoned land and Pinus plantation, and low
for low-input pasture and Alnus plantation.
Climate regulation is another important function of ecosys-
tems, and the type and structure of the ecosystem directly
inﬂuences the nature of surface–atmosphere exchanges. Thus,
large-scale land-use changes elicit changes in both microclimate
and the climate regulation function of an ecosystem31. The main
drivers of this are changes in energy balance, surface roughness
and evapotranspiration (ET), all of which link atmospheric to
hydrological functions32. Here we calculate water and
momentum ﬂuxes (turbulence production, an important land–
atmosphere feedback parameter) for a 20-year period using the
coupled SoBraCo—catchment modelling framework (CMF)33
(see Methods and Supplementary Methods), to derive indicators
for the intensity of surface–atmosphere exchanges.
The main components of microclimate, ET and turbulence
production (M-ﬂux, or the sum of zonal and meridional
momentum ﬂuxes) differ among the various land-use options
(Table 4).
We ﬁnd ET, the majority of which is plant transpiration,
to be similar in the two types of tree plantation and signiﬁcantly
higher here than in the abandoned area. Periodic removal of
biomass from the active pasture options leads to a decrease in
transpiration, resulting in an overall ET lower than that in the
tree plantations, but still higher than that of the abandoned
pasture. Turbulence production is very high in tree plantations,
whereas re-established pasture performs similarly to abandoned
pasture.
Altogether, the tree plantations mimic the climate regulation
function of a natural forest better than the options without trees.
Afforestation with the broadleaf Alnus is even more effective in
this regard than with Pinus.
Hydrological regulation performances of the various restora-
tion options are crucial elements in assessing their potential for
mitigating the adverse effects of water (such as erosion) but also
in controlling the quantitative supply of water. We simulate
below-ground water cycles using the well tested CMF34 (see
Methods, Supplementary Methods and Supplementary Tables 5
and 6). Similar to the ambiguous effects that ecohydraulic
processes can have on hydrological ecosystem services25, the
investigated indicators might have a positive or a negative effect.
For example, discharge (water volume) is a resource for
hydropower35, and water that quickly leaves a system via
overland ﬂow and seepage prevents soils from becoming
waterlogged. Therefore, rapid movement of water through the
system can be considered positive. In contrast, seepage ﬂow can
also leach nutrients and overland ﬂow can cause erosion, resulting
in a negative effect from this indicator. To make our assessment
more easily transferrable to sites with different objectives (high
discharge or minimizing leaching/erosion), we calculate two
separate indicators. The ﬁrst indicator (Pk1) combines a positive
effect (discharge) and a negative effect (overland ﬂow), while the
second (Pk2) considers both factors to be negative (Table 5).
Table 3 | Rating of the key element ‘Carbon relationships’ (indicator value±s.e.m.)*.
Land-use option Annual biomass production Carbon stocks Carbon relationships
(Mg ha 1 per year) Pi Carbon in planta
w Soil organic carbon Total carbon Pk
(Mgha 1) Pi (Mgha
 1) Pi (Mgha
 1) Pi
Abandoned pastures 31.8±4.8 57 33.0±2.9 100 87.3±5.3 0 120.3±6.9 85 52
Alnus 7.7±0.6 0 24.5±2.3 58 91.7±6.8 49 116.2±7.2 63 36
Pinus 8.9±0.4 3 29.6±1.4 83 93.5±4.6 69 123.1±4.8 100 52
Low-input pastures 26.5±4.4 44 12.5±1.2 0 91.8±4.9 50 104.4±6.5 0 32
Intense pastures 50.0±2.3 100 25.8±3.4 65 96.3±5.1 100 122.2±5.5 95 88
*Estimates for tree plantations from statistical-based regression models parameterized with ﬁeld data; for pastures, all data from ﬁeld measurements except annual below-ground biomass production,
which was estimated by the process-based model SoBraCo33, with parameters derived from ﬁeld data.
wAveraged over a 20-year period.
Organic layer and mineral top soil (0–20 cm depth).
Table 4 | Rating of the key element ‘Climate regulation’ (indicator value±s.e.m.)*.
Land-use option ET MF Pk
(mm) Pi (kgm
 1 s 2) Pi
Abandoned pastures 928±3.80 0 0.018±0.00028 0 0
Alnus 1,597±4.10 100 0.285±0.01560 97 99
Pinus 1,410±1.12 72 0.294±0.00038 100 86
Low-input pastures 1,186±5.81 39 0.023±0.00003 2 21
Intense pastures 1,167±5.10 36 0.026±0.00040 3 20
CMF, catchment modelling framework; ET, evapotranspiration; MF, momentum ﬂux.
*ET and MF are simulated with the coupled SoBraCo-CMF model33. The model is forced with data of a micrometeorological station33. Optical and physiological as well as soil model parameters are
derived from ﬁeld observations presented in Bendix et al.56, Silva et al.33 and from literature (for more details, refer to Supplementary Table 12 and Table 2 in Silva et al.33).
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Annual interception is low for pasture but high for abandoned
pasture and Pinus. Water returned to the atmosphere through
ET dominates the water relations in the tree plantations,
while discharge driven by groundwater recharge is the main
hydrological component of both active and abandoned pasture.
The amount of water inﬁltrating the soil is offset by plant
transpiration, and thus its total share is lower in the tree
plantations. The fraction of overland ﬂow is dependent on
steepness of slope, level of soil compaction and vegetation cover.
Steepness of slope remains constant in the model, but the other
two factors are allowed to vary. The results for overland ﬂow
range between 2 and 4% of precipitation, thus representing only a
minor fraction.
If a large amount of discharge is desired (Pk1), Pinus proves to
be the best option, followed by abandoned pasture, Alnus, and the
two active pasture options. In the second case (Pk2), the ecological
index value of the tree plantations increases considerably. Thus,
ranking can also depend on location. On steep slopes with soils
with high levels of conductivity water retention is more desirable,
whereas on ﬂatter ground with compacted soil discharge is more
important.
Soil quality is essential in maintaining the long-term
productivity, and thus the sustainability, of the provisioning
services of our restoration options. The chosen indicators
(Table 6 and Supplementary Table 7) are well known to vary in
response to land-use change36, to support plant productivity37
and to contribute to soil biodiversity38.
The dominant soil types in the research area are Haplic or Folic
Cambisols, and Mollic Cambic Umbrisols36. Burning the original
forest fertilizes the mineral top soil, raises its pH and results in
soils with higher contents of both organic carbon and total
nitrogen, but extremely low phosphate availability39. The burnt
litter layer slowly regenerates in tree plantations but not on
pasture. Regarding the assessment of soil quality, we focus here
on sustainable plant productivity40 (Table 6).
The soil quality determined for the various land-use options
allows for a ranking, although two of the seven indicators—C-
and N-mineralization rates—differ only moderately among the
alternatives. Still, they are important here and in possible other
applications of our assessment approach, as they are associated
with different microbial communities40. Intense pasturing
produces the best soils, with high organic carbon content, high
microbial biomass and nitrogen mineralization rates, as well as
high phosphate content. The relatively acidic pH in this variant
results from artiﬁcial fertilization. The soil on abandoned pasture
is inferior, and in its overall quality, similar to that under Alnus
and low-input pasture. Afforestation with Pinus decreases the soil
quality dramatically due to acidiﬁcation and the concomitant
decline in base saturation, soil organic and microbial carbon
content. However, due to the acidic pH, availability of phosphate
increases. As Alnus is able to ﬁx nitrogen41, which improves most
of the soil quality indicators, the soil under Alnus may get better
with time.
Socio-economic indicators. Economic investigations of the
restoration options are imperative for analysing the likelihood
that they will actually be implemented. Thus, we assess beneﬁts
from timber or food production based on their simulated market
value (household data are given in Supplementary Data 1 and
Supplementary Table 8). The analysis of the BAU land-use option
(pasturing after forest clearing) provides data for comparison. We
use the net present value (NPV, Supplementary Methods) to rank
the beneﬁts of each option from an economic perspective.
The NPV (calculated using a 5% discount rate) of the active
land-use alternatives ranges from US$ 127 (low-input pasture) to
US$ 1,435 ha 1 (Alnus), which is in accordance with results from
Table 5 | Rating of the key element ‘Hydrological regulation’ (indicator value±s.e.m.)*.
Land-use option Overland ﬂow Area-speciﬁc discharge Pk1 Pk2
(mm per year) Pi (mm per year) Pi(
 ) Pi( )
Abandoned pastures 75±3.74 4 927±6.90 100 0 52 2
Alnus 38±0.84 81 283±3.95 0 100 41 91
Pinus 29±1.48 100 471±2.7 29 71 65 86
Low-input pastures 75±2.81 3 677±6.97 61 39 32 22
Intense pastures 77±2.93 0 695±6.11 64 36 32 18
CMF, catchment modelling framework.
*Reported values are based on process-based model simulated data from the coupled CMF-SoBraCo setup adapted to the local land-use option and forced by local climate data (see Table 4).
Table 6 | Rating of the key element ‘Soil quality’ (indicator value±s.e.m.; Pi in parentheses)*.
Land-use
option
pHw SOC (%) BS (%) MBC
(mgkg 1)
C-min (g CO2-C
per kg SOC)
N-min (mg N
kg 1per day)
PO4-P
(mgkg 1)
Pk
Abandoned
pastures
4.5±0.09 (98) 9.5±0.18 (55) 11.5±2.64 (21) 1,088±51 (65) 3.9±0.18 (100) 2.3±0.27 (65) 0.5±0.09 (0) 58
Alnus 4.3±0.04 (89) 7.9±0.67 (22) 30.4±1.79 (100) 1,065±80 (63) 3.1±0.13 (0) 2.7±0.49 (85) 1.3±0.22 (15) 53
Pinus 3.6±0.13 (0) 6.8±0.76 (0) 6.4±1.21 (0) 576±75 (0) 3.7±0.49 (75) 1.9±0.31 (45) 5.8±1.21 (96) 31
Low-input
pastures
4.5±0.18 (100) 10.6±0.58 (76) 16.9±1.30 (44) 1,065±102 (63) 3.5±0.31 (50) 1.0±0.22 (0) 0.6±0.13 (2) 48
Intense
pastures
4.1±0.09 (78) 11.7±0.40 (100) 11.9±1.30 (23) 1,359±65 (100) 3.2±0.27 (13) 3.0±1.12 (100) 6.0±1.79 (100) 73
BS, base saturation; C-min, carbon mineralization; MBC, carbon in microbial biomass; N-min, Nitrogen mineralization; SOC, soil organic carbon.
*Field data, SOC, BS, MBC, C-min; n 5.
wPi calculated as delog pH based on a higher precision than indicated in the Table to obtain a higher ecological signiﬁcance than the commonly used pH shown in the Table.
N-min: data shown is only for 0–5 cm soil depth.
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previous studies42. Payback periods from 10 (intense pasture) to
18 years (low-input pasturing) are required to recoup initial
investment costs (Table 7). Among the pasture options, the
intense variant is best in economic terms, with an NPV of US$
1,060 ha 1. To simulate a greater preference for immediate net
revenues with low initial costs, an 8% discount rate is also tested.
In this case, the relative position of leaving land abandoned
improves, as the NPVs of the active management alternatives
decrease under these conditions. Intense pasture (13 years) and
afforestation (16 years), however, still break even within the time
span considered.
The land-use variants differ widely in the distribution of net
revenues over the 20-year time period. For both afforestation
options, we ﬁnd only 3 years with positive, albeit high, net
revenues (Supplementary Table 9), while the pasture options
generate positive net revenues in 18 years. Owing to the
concentration of net revenues in only 3 years, the diversiﬁcation
of annual market and production risks in the afforestation
options is not comparable to that of the pasture options, for
which the ‘averaging effect’ is much stronger. The uncertainty of
the intense pasture’s NPV is thus only around 50% of that of the
tree plantations.
From a farmer’s perspective, all restoration options must be
compared with the BAU option of land use in the study region43
(explained in Supplementary Methods). All restoration options
tested are less favourable from an economic point of view than
BAU, for which the NPV (US$ 1,435 and 1,765 ha 1 at 8% and
5% discount rates) is always higher than that of the best restoration
option. The annualized differences between the NPVs (8%
discount rate) of BAU and the restoration scenarios are US$
87±52ha 1 per year (Alnus as reference) or US$ 100±40ha 1
per year (intense pasture as reference). These amounts suggest the
order of magnitude of the ﬁnancial transfers that might be required
to convince farmers to establish one or more restoration options.
Social preference in the context of this method represents
information beyond that contained in the economic indicators. In
addition to the tangible values reported above, people tend to
implicitly include intangible cultural values when expressing
their preference for land-use options. Thus, the success of
recommendations regarding land use depends largely on this
indicator, as farmers must evaluate whether a particular option
ﬁts not only into their overall economic, but also into their
household and socio-cultural situations44.
Using standardized questionnaires (Supplementary Methods),
we asked Mestizo and Saraguro farmers about their preferences
and ﬁnd an inclination towards afforestation (Table 8 and
Supplementary Table 10). Farmers of both ethnic groups list ‘lack
of timber’ and ‘shortage of labour’ as the main reasons for this
preference. Without the beneﬁt of subsidies, farmers of both
ethnic groups prefer Alnus over Pinus; however, given the
possibility of external subsidies, the Mestizos show a slight
preference for Pinus. With respect to repasturization, low-input
pasture appears to be more attractive than the intense option.
Concerns about adverse ecological effects and the costs for
fertilizer are the main reasons given by Mestizos for preferring
low-input pasturing: more than one fourth of Mestizos
interviewed (10 out of 37) believe that agrochemicals damage
or ‘sterilize’ the soil. The Saraguros, however, state a higher
preference for intense pasture if subsidies are available, but
nevertheless consider reforestation with Alnus to be the best
option.
The interviews show a clear preference for tree plantations.
Interestingly, leaving areas abandoned is not favoured at all.
Farmers express willingness to re-utilize abandoned areas but are
less ready to invest high upfront costs or substantial labour to do
so. Differences in the acceptance level even among different
ethnic groups support the necessity and usefulness of this
indicator, especially when applied in other regions.
Table 7 | Rating of the ‘Economic’ key elements (indicator value±s.e.m.)*.
Land-use option Net present value for discount rate: Payback period for discount rate:
5% (US$ ha 1) Pi 8% (US$ ha
 1) Pi Pk 5% (years) Pi 8% (years) Pi Pk
Abandoned pastures 0±0 0 0±0 20 10 0±0 100 0±0 100 100
Alnus 1,435±649 100 619±394 100 100 16±3 11 16±4 50 30.5
Pinus 1,322±586 92 561±373 93 92.5 16±3 11 16±4 50 30.5
Low-input pastures 127±146 9  156±129 0 4.5 18±6 0 32±4 0 0
Intense pastures 1,060±264 74 485±234 83 78.5 10±2 44 13±4 59 51.5
*Product (timber, milk and meat) quantities estimated based on tree and grass biomass predictions, and possible number of cattle calculated from simulated grazing rounds plus measured nutrition value
of grass; local timber prices and harvesting costs, and prices and costs for milk and meat production contained in Supplementary Data 1; uncertainty from Monte-Carlo simulations, coefﬁcients of
variation43 from FAO time series data for prices and productivities, as well as from simulated ﬁre risks based on remote sensing data.
Table 8 | Rating of the key elements for ‘Social preference’; ‘answers’ refer to number of respondents who rate an option as best
or second best (indicator value±s.e.m.)*.
Preferred land-use option Saraguros (22 interviews) Mestizos (37 interviews)
Without subsidy With subsidy Pk Without subsidy With subsidy Pk
Answers Pi Answers Pi Answers Pi Answers Pi
Abandoned pastures 4±1.9 0 0±0 0 0 5±2.1 0 0±0 0 0
Alnus 14±3.0 100 19±3.1 100 100 19±3.6 100 16±3.4 94 97
Pinus 12±2.9 80 9±2.6 47 63.5 15±3.4 71 17±3.5 100 86
Low-input pastures 5±2.1 10 3±1.7 16 13 12±3.1 50 14±3.2 82 66
Intense pastures 4±1.9 0 8±2.5 42 21 12±3.1 50 10±2.9 59 55
*Field data from standardized interviews.
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Synopsis and sensitivity of indices. To gain more insight into the
possible trade-offs between ecological and socio-economic eco-
system indices, and to support science-based decision making, we
analyse the correlation between the average ecological and socio-
economic key elements (Fig. 1).
Spanning considerable ranges, the ecological and socio-
economic indicators are strongly positively correlated and show
a low degree of trade-off—
 0.99 with high water retention, and

 0.94 with high discharge considered most desirable. Leaving
areas abandoned and low-input pasture both appear less efﬁcient
than the other options. Ranking by the ecological indices alone
places afforestation on top, irrespective of the hydrological key
element used (Fig. 2a).
Alnus plantations rank slightly higher than Pinus plantations,
followed by intense pasture. Afforestation and intense pasture
both rank higher than the original state of ‘abandoned pasture’.
Low-input pasture is ecologically equal to abandoned pasture
when water retention is assessed as positive, but falls short when
water discharge is more desirable.
The economic results (Fig. 2b) are supported by the analysis of
the preferences obtained from the household survey, which show
an afﬁnity for afforestation among all respondents.
Sensitivity analysis (Supplementary Tables 11–21) shows our
ranking to be sufﬁciently robust in this context and provide an
indication of how this ranking might be affected by subjective
weighting of key elements (Supplementary Fig. 2). The ranking
remains the same when we account for the size of the differences
by applying equation (3) (see Methods) in an attempt to prevent
overestimation of small differences (Supplementary Fig. 2a).
However, with this type of weighting, the ecological indicators
distinguish less clearly among the restoration options. Although
some ecological differences may be considered small (for example
in N-mineralization), their importance may be high. Such
differences are scaled appropriately with our approach. Another
advantage is its relatively high immunity against uncertainty. By
calculating the relative position of the indicator values in the
range between their maximum and minimum, we obtain robust
rankings that are largely unaffected by indicator uncertainty (see
below). When using the 95% conﬁdence limits to represent
pessimistic and optimistic indicator estimates and account for
uncertainties (according to equation (4) in Methods), some land-
use options change their rank position, but only for single
indicators. One example of this is the option pair Alnus and
intense pasture, which trade positions between ranks 1 and 3 for
the indicator NPV (8%) depending on whether the analysis is
based on optimistic or pessimistic assumptions (Supplementary
Table 20). However, where process-based model results con-
tribute to the assessment, the individual (Pi) and integrated (Pk)
indicator assessment scheme are very robust (Supplementary
Tables 15–18). In sum, we do not see any signiﬁcant overall
variation in the average normalized indicators (Supplementary
Fig. 2b,c). Only under pessimistic assumptions does the
correlation between socio-economic and ecological indicators,
and signiﬁcance levels weaken (Supplementary Fig. 2c and
Supplementary Table 22). Given the generally high level of
robustness of our ranking system, we conclude that both our
normalization procedure and assessment approach are reliable.
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Figure 1 | Ecological versus socio-economic index values. Average of key
element—Pk—indices of the ﬁve investigated options of land use if water
retention is considered positive. Error bars (whiskers) indicate±s.e.m.,
coefﬁcient of correlation is r0.99 (tr 11.77; pto0.001); the statistic of a
Kruskal–Wallis one-way analysis of variance is H 13.4 (pHo0.01) for
differences between overall average index values (n 8 key elements for
each land-use option). A priori hypotheses about differences between single
land-use options or groups of land-use options are tested as statistical
contrasts using rank transformed data with: Ab, abandoned pastures; A,
Alnus; P, Pinus; L, low-input pastures; I, intense pastures. Contrast 1,
associated with the hypothesis (A
 P
 L
 I)/44Ab, tests if restoration
options on average improve ecological and socio-economic values, and
results in a signiﬁcant tc1 2.3 (pc1o0.025). Contrast 2, associated with
the hypothesis (A
 P)/24(I
 L)/2, tests if afforestations perform better
than pasture, and results in a signiﬁcant tc2 3.1 (pc2o0.025). Contrast 3
focuses on the hypothesis A4P and tests if Alnus outperforms Pinus, and
results in a nonsigniﬁcant tc30.9. Contrast 4, associated with the
hypothesis I4L, tests if intense pastures perform better than low-input
pastures, and results in a weakly signiﬁcant tc4 1.6 (pc4o0.100)
(Supplementary Table 22).
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Figure 2 | Accumulated index values. (a) Summed index values on
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indicators for the ﬁve land-use options are depicted. Preferences distinguish
between indigenous Saraguro and Mestizo settlers. With payback periods,
we measure how long settlers will need to receive their money invested back
and the NPV is the sum of all appropriately discounted net revenues.
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Discussion
Assessing the potential for the provision of ecosystem functions
and beneﬁts from various restoration options using normalized
ecological and socio-economic indicators is a novel approach in
science-directed decision support. It is clear that any such
assessment is context speciﬁc and dependent on the particular
objectives of the decision makers in a given ecological and socio-
economic context. Nevertheless, our study shows that the often
ignored socio-economic indicators are essential components of a
comprehensive assessment approach to guide the way to a possible
implementation of desirable land-use options. Their extremely
strong correlation with ecological indicators does, however, not
necessarily mean that a cause–response relationship exists. It
rather indicates that trade-offs between average indicators are low.
Thus, to avoid assessing the consequences of restoration options
overly optimistic, it is important to quantify the short-term socio-
economic trade-offs when compared with BAU. Given this
premises and combined with a thorough analysis of uncertainties,
both the indicator system and the normalization procedure
developed in our study are useful for comprehensive evaluations
of ecosystem functions and beneﬁts in other study regions.
The choice and quality of indicators are crucial issues. For
example, our quantitative hydrological indicators showed realistic
results when compared with other studies45,46. However, water
quality could also be an important indicator25, as intense pasture
requires the use of herbicides and inorganic fertilizer, some of
which could end up in rivers and groundwater. This problem can
be mitigated by proper handling, that is, application of any
agrochemical only under suitable weather conditions. As overland
ﬂow is generally low (2–4% of precipitation), the volume of water
for direct downhill transport of the chemicals is also small,
reducing the risk of displacement. In fact, our observations of the
control plots located down slope from herbicide-treated plots did
not show any herbicide effect. Carryover effects of any of the
herbicides applied via the soil to the subsequent pasture were also
not observed24. A similar consideration applies to fertilizer
treatment, as the poor soils act as strong nutrient sinks.
Nevertheless, some leaching of nitrate cannot be completely
ruled out, although we did not observe a statistically signiﬁcant
fertilization effect in reference plots situated down slope.
In contrast to other authors28, we did not use biodiversity as an
indicator in our study, as it is very low in the options investigated
and—even on long-abandoned pasture—is not at all comparable
to that of the pristine forest. Stable shrubby vegetation made
up of bracken and several proliﬁc roadside species formed a
closed canopy21, which can persist for decades (Supplementary
Methods). Species richness of selected other groups of organisms
such as birds and moths is also low compared with that found in
pristine forests. Thus, the anthropogenic landscapes ﬂanking
forests are merely sinks for such species, mainly due to a shortage
of food resources, nesting sites and other ecological factors
necessary to provide suitable habitats. Consequently, the land-use
options considered here represent ‘novel ecosystems’ that are
expected to persist, rather than merely being an interim stage in
the process of returning to a near-natural forest47–49. Natural
grassland suitable for use as pasture does not occur in the
research area and thus introduced grass species (Setaria
sphacelata and Melinis minutiﬂora) are used. Some
accompanying herbs, grasses and shrubs are indigenous, but
most are cosmopolitans50, resulting in limited phytodiversity.
Every hectare of natural vegetation—dense forest up to
2,800m asl and shrub pa´ramo above the tree line51—that is not
cleared for production of short-lived pastures preserves much
more of the biological diversity than pasture, afforested areas or
abandoned lands can maintain.
Still, some barriers must be overcome to implement the
advantageous restoration options, as all of them impose short-
term economic trade-offs. The quantiﬁed trade-off of US$ 87 in
opportunity costs resulting from afforestation with Alnus, or the
US$ 100 ha 1 per year costs incurred when intense pasture is
implemented are, however, subject to a high level of uncertainty. If
we use the upper 95% conﬁdence limit of the estimated costs to
include the possible compensation amounts demanded with a
0.975 probability, we end up with approximately US$ 180 ha 1
per year to be transferred to farmers. Spending this money could
be worthwhile, given the amount of CO2 emissions42 and losses of
biodiversity, which could be avoided, and the other ecological
beneﬁts, which could be achieved if farmers were to re-utilize their
abandoned lands rather than clearing natural forest. In our study
area, the preservation of natural forests may prevent the emission
of 272Mg CO2 per hectare43. Consequently, a moderate price for
CO2 emission allowances of US$ 7.5 per Mg would result in a NPV
of US$ 2,040 ha 1, which is equivalent to an annualized payment
of US$ 208 over a 20-year period (based on an 8% discount rate).
Carbon markets could, thus, possibly cover the compensation
amounts needed to convince famers to choose restoration options.
However, to improve conservation efﬁciency, transfers to
landowners as rewards for conserving their forests—for example,
under the REDD
 mechanism52 or other national programmes
such as the Ecuadorian ‘Socio Bosque’53—should be made
conditional on the implementation of restoration activities on
abandoned land, considering also agricultural options in the
future54. In regions with chaotic property rights regimes, as in our
study area44, the implementation of the restoration options could
also be supported by offering property rights contracts (possibly
coupled with additional ﬁnancial compensation). The size of the
abandoned area, its accessibility and distance to the farm must
also be considered in recommendations, as the advantages of
afforestation increase with distance to farm, whereas those of
intense pasture increase with increasing accessibility.
As a general conclusion, it appears important for farmers to
receive appropriate education and ﬁnancial support to highlight
and strengthen the link between more long-term economic
thinking and ecological considerations. Our study shows that
preference analyses are crucial parts of studies on ecosystem
functions and beneﬁts. The preference expressed by the majority
of subsistence farmers for restoring abandoned pasture areas
through afforestation demonstrates that implementation of this
option is realistic. Farmers could beneﬁt from more moderate
upfront costs, the lack of a need for further inputs of labour until
thinning and harvest activities take place and ﬂexibility with
respect to the timber market, which ultimately results in a
reduction in risk54. Pinus could be used as a nurse-tree species to
facilitate regeneration of useful native trees. Restoration of
abandoned pasture for intensive re-use may be more attractive
on medium to large farms (50–100 ha), which are already
integrated into agricultural markets and can afford higher
upfront investments. The implementation of intense pasturing
will require a higher level of input from consulting experts.
Similar conclusions will be valid for other tropical mountain
regions, from 1,500m altitude up to the tree line.
As evidenced by the short-term economic trade-offs inherent
to each of the restoration options, a farmer’s decision to afforest,
re-cultivate pasture or leave areas abandoned depends—in
addition to available labour capacity—on the availability of
affordable ﬁnancial support from government programmes or
credit institutions. Studies such as ours can help raise awareness
about possibilities for recultivating abandoned land, thus
enhancing the effectiveness of incentive programmes, which
could ultimately relieve pressure on natural ecosystems42.
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Methods
Land-use options and period considered. We investigate two variants each of
afforestation and pasture restoration as feasible options with respect to their eco-
logical value, their economic beneﬁts and the preferences for each option among
both Mestizo and indigenous Saraguro farmers. A former pasture area that has
been abandoned for 14 years is our reference. We consider a 20-year period to be a
meaningful time span for the study, as it represents the common rotation time for
tree plantations in the region.
Data. The present work synthesizes the ﬁndings of a multi-disciplinary research
initiative that started ecosystem studies in southern Ecuador in 1998. Since then, a
solid knowledge base has accumulated with data that is used in this study. Models
parameterized with ﬁeld data are used to obtain the results for some indicators over
the 20-year period during which we assume nearly constant environmental con-
ditions. Other indicators were either measured directly in the ﬁeld or obtained
from interviews. Field data for carbon relationships and soil quality has been
obtained from previous peer-reviewed work carried out by members of the multi-
disciplinary research team24,30,31,36,40,55–57. Model-based indicators have been
estimated with models published in peer-reviewed journals, which have been
developed for or adapted to the study region. Model estimates include
climatic32,36,55, hydrological34,46,58 and economic42,43,59 approaches. Only
occasionally have models from other literature been used to complement our
data60,61. The results of the interviews (Supplementary Table 10) to obtain data on
the social preferences have not been published in peer-reviewed journals before.
Details, as well as an assessment of the methods are presented in Supplementary
Methods.
Research area. The research area62 is located in the eastern range of the tropical
Andes of southern Ecuador (35830  S and 79425  W). Our experimental sites
were established on areas with a 35 slope located between 1,800 and 2,100m asl,
and covering a total area of abandoned pasture of 150 ha. Analysis of aerial
photographs shows that forest clearing has been occurring since the 1960s, and
pasture farming has been done for about the last 35 years. Because of heavy
infestation by weeds—mostly bracken fern—many pastures were abandoned about
15 years ago.
Normalization of indicators and statistical analyses. Unitary performance
indices are calculated for each indicator (Pi) and for each of the key elements (Pk).
Pi (equation (1)) reﬂects the relative position of a land-use option in the achievable
range. Ri is the indicator value, i the land-use option, Rmin the least desirable and
Rmax is the most desirable value for the indicator.
Pi 
RiRmin
Rmax Rmin
 100 1	
As equation (1) might result in inﬂation of small differences through its
normalization approach, we impose an objective weighting factor, wd, proportional
to the maximum achievable difference to test the robustness of our Pi. Speciﬁcally,
we use the total range of variation divided by the indicator’s maximum as the
weight, wd, to account for the relative size of the maximum achievable difference
and to see how our results change through this type of weighting (equation (2)).
Pi 
RiRmin
Rmax Rmin
 wd  100 with : wd 
Rmax Rmin
Rmax
2	
Adjusted according to equation (2), equation (1) then simpliﬁes to equation (3):
Pi 
RiRmin
Rmax
 100 3	
Although equation (3) constitutes a weighting of the normalized indicators, we
also conduct sensitivity studies in which we test scenarios using either pessimistic
or optimistic estimates for our indicators to identify possible impacts of
uncertainty. To obtain the pessimistic and optimistic estimates, 95% conﬁdence
limits for the estimated indicators are used. The interpretation of a conﬁdence limit
as pessimistic or optimistic depends on what is desirable. If a high indicator value is
desired (for example NPV), the lower conﬁdence limit is considered to be the
pessimistic (near worst-case) estimate. If instead a low indicator value is preferable
(for example, payback period), the upper conﬁdence limit is considered pessimistic
(equation (4)).
Ri;opt;pess  Ri  ta1 0:95;df  SEMi 4	
SEMSamplei 
SDi
n
 5	
SEMSample Interviewsi  n 

pi  1 pi 	=n

6	
SEMMonte Carloi  SD
Simulated Mean
i 7	
Here, SEMi is the uncertainty associated with the estimated mean indicator
value for restoration option i, commonly understood as the s.d. of the mean and
ta 1 0.95,df is a number obtained from a Student’s t-distribution, which is used to
form a 95% conﬁdence limit depending on the degrees of freedom, df. For indicator
values derived from sampling, we obtain SEMi by dividing SDi (the s.d. among
individual samples) by the square root of n (number of samples) (equation 5). For
the interview data, the SEMiSample_Interviews (equation (6)) is the s.e. of the number
of answers where a restoration option is chosen as the best or second best
alternative. Here, n is the sum of all responses of ‘best’ or ‘second best’, and p is the
relative frequency of the responses ‘best’ and ‘second best’ for that restoration
option. In detail, p is the number of ‘bests’ and ‘second bests’ for option i divided by
n—the sum of all answers for a given indicator naming these categories. For the
model estimates, SEMiMonte_Carlo is computed directly as the standard deviation,
SDiSimulated_Mean, of the mean values derived from the simulated repetitions
(equation 7). Finally, normalization of either Ropt or Rpess is carried out according
to equation (1).
Pk (equation 8) is the average of all (weighted or not weighted) Pi values, which
contribute to a particular key element (ni is the respective number of indicators).
Pk 
1
ni

i
Pi 8	
The ecological and socio-economic average of index values for each of the land-
use options are determined by average performance indices (equation 9) (weighted
or not weighted), where o is the land-use option, c the category, nk is the number of
key elements and wsub is a subjective weighting factor.
WPco 
1
nk

k
wsub  Pk 9	
wsub is set equal to 1 for standard analyses. For speciﬁc scenarios, however, we test
subjective weighting factors to favour preferred key elements.
We compute Pearson correlations between ecological and socio-economic
indicators for Pk values and associated t- and p-values (Fig. 1 and Supplementary
Fig. 2). Given our—through normalization—truncated distributions of Pi index
values, non-parametric Kruskal–Wallis analyses of variance served to test the
impact of land-use options on the average Pk (nk 8 for each option). Associated
with a one-way analysis of variance for rank-transformed data, contrasts based on
a priori formulated hypotheses are computed ﬁnally to distinguish between the
land-use options investigated (Supplementary Table 22).
Biomass production and carbon content. On the abandoned areas (control
plots), above-ground plant biomass (bracken leaves) was harvested individually
from four 25-m2 plots and dried for further analysis, while below-ground biomass
was estimated from roots and rhizomes extracted from soil cores (40 cm deep, 6 cm
diameter, n 3 per plot). Aliquots of the dried plant material were analysed in a
CNS-Analyser (vario EL III/elementar, Heraeus). Production of above-ground
biomass was determined based on the amount of standing biomass and the life
span of the bracken leaves30. Below-ground biomass production was estimated
using the SoBraCo-model33. On the pastures, biomass production and total
biomass were determined using 4 4m plots with four repetitions per option
during the second year of pasture management after complete removal of the
harvest from the ﬁrst year. Grazing was simulated by cutting the grasses and
leaving a basal layer of 20 cm. At the end of the year, the grass was completely
harvested. For calculation of the standing crop, see Supplementary Methods.
Below-ground biomass was determined and root biomass production was
estimated as described above, with cores taken below, near and between grass tufts.
SEM was calculated according to equation (5). Based on data from the
experimental plots as described in Gu¨nter et al.63, growth of the Pinus and Alnus
trees over 20 years was calculated. This was done using regression curves to
correlate dbh (diameter at breast height) and height with the independent variables
age and tree density. Tree density is based on an initial density of 1,111 trees per
hectare and an observed annual mortality rate of 2%. To establish the regression
curves, Pinus was recorded on two sites with 16 plots each (32 plots of
10.8 10.8m, all 6 years old) and on one site with two circular plots (radius 20m,
1,256m2, 25 years old). Data for Alnus was measured on two sites, one with 14 and
the other with 16 plots (30 plots 10.8 10.8m, 7 years old) and one site with 10
plots (size on average 777m2, 8 years old). Above-ground biomass and carbon
content are estimated using both allometric equations and information adopted
from the literature (Supplementary Methods). Uncertainty is modelled by means of
Monte-Carlo (MC) simulation (3,000 repetitions for each afforestation option),
where the coefﬁcients of regression models are considered random. Regression
coefﬁcients as means, and their uncertainties, in the form of their s.e. allow us to
draw randomly ﬂuctuating coefﬁcients for each simulation run to predict forest
growth. The calculation of SEM refers to equation (7).
Climate. The Soil-Vegetation-Atmosphere Transfer model and the vegetation
growth model SoBraCo33 are used to assess changes in the climate regulation
function of the land-use options. SoBraCo is a derivative of the properly validated
community land model (CLM, see Lawrence et al.64 and Bonan et al.65). The main
difference between SoBraCo and CLM is that in SoBraCo, the calculations used in
CLM for some atmospheric variables are replaced by direct forcing with
observational data from a speciﬁcally designed micro-meteorological station for an
average reference year (2008; refer to Supplementary Methods). Hourly
environmental forcing data for the 20-year modelling period is generated using the
reference period for the forcing variables (solar irradiation, air temperature, relative
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humidity, wind speed, rainfall, soil water content and soil temperature) and
continually re-applying the annual data set over the entire period. Required plant-
speciﬁc model parameters are derived from measurements at both leaf and root
levels at the study site and from data available from the literature (for more details,
refer to Supplementary Methods and Supplementary Table 12). CMF is directly
coupled with the SoBraCo-model using a Python interface58.
Time series of leaf area indices (LAIs) and vegetation height used for parameter
forcing for the coupled model over the 20-year period are calculated using ﬁeld
measurements (Supplementary Fig. 1). For Pinus, LAI is estimated based on dbh60.
For Alnus, observed leaf numbers from experimental plots and mean leaf area61 are
used to estimate the mean allometric leaf area (LAallom) per tree, as
LAallom EXP( 0.22
 1.297 ln(dbh)). LAallom and the actual number of trees is
used to scale LAI up to the plantation level. LAI for grass and bracken are directly
derived from LAI ﬁeld measurements56. Uncertainty analysis (for climate and
hydrology) of the coupled SoBraCo-CMF model framework is conducted for
forcing variable and parameter uncertainties of climate and hydrological indicators,
the latter with the help of more than 3,000 MC simulation runs and subsequent
calculation of the SEM using equation (7). Based on sensitivity studies and a
literature survey, eight (SoBraCo)
 two (CMF) model parameters shown to have
the biggest inﬂuence on model output are chosen (see Supplementary Methods).
Most parameters and the form of their probability density functions are based on
ﬁeld observations (for parameters and sources, see Supplementary Tables 12 and
13). The robustness of the integral rating scheme (Pk) regarding climate and
hydrological indicators is tested by comparing the range of the Pi grading
considering forcing variable uncertainty (Supplementary Tables 17 and 18). A
scenario using 95% limits for the indicator values (following from equation (4))
derived from the MC analysis (parameter uncertainty) has also been tested
(Supplementary Tables 15 and 16).
Hydrology. The CMF34 is used to simulate hydrological processes in a one-
dimensional soil column and to quantify water ﬂuxes. This model effectively meets
the challenges and provides the opportunities called for in hydrological models to
support decision making outlined by Guswa et al.66 Similar to the ﬁnite volume
method used by Qu and Duffy67, CMF discretises the soil column into soil layers
serving as water storages. We use the Richards equation to simulate water ﬂux
between cells. Eight soil layers of increasing thickness from the top downwards,
each with unique hydraulic properties, are summed to reach a total column depth
of 1m. Water leaving the soil column is routed to the ground water using a
Dirichlet boundary condition with a constant negative pressure. An average slope
similar to the slope occurring at the site is used. The CMF water balance is as
follows: Dstorage rainfall—ET—overland ﬂow—ground water seepage.
Groundwater seepage plus overland ﬂow is summed to derive the area-speciﬁc
discharge. Saturated hydraulic conductivity (ksat) for the scenarios is adapted in
accordance with local measurements for pasture and forested sites presented by
Huwe et al.57 To account for the highly conductive litter layer and roots that create
additional pore space, the ksat values of the three top soil layers are increased. ET
and throughfall are calculated using the SoBraCo-model33, which shows realistic
results. For example, the rate of throughfall forwarded to the hydrological model by
the plant growth model SoBraCo is well within the range found in other studies in
adjacent tropical mountainous rainforest sites45 (between 88% and 97% of
precipitation). Saturated soil depth is set to  2m below soil surface to initialize
the model and provide uniform initial conditions. To emphasize the impact of
vegetation type, uniform parameters for soil are used for all of the land-use options
(Supplementary Methods). Overland ﬂow is simulated as saturation excess. For the
analysis of uncertainty, refer to the key element ‘Climate’.
Soils. The quantiﬁcation of our ecosystem function is based solely on empirical
data measured on ﬁve plots in 2011. Soil samples were taken with an auger
(diameter: 6 cm). A pooled soil sample of six replicates per plot was analysed for
the 0–5 and 5–10 cm depth intervals. Soil organic carbon and total nitrogen (N)
were quantiﬁed using a CNS-Analyzer (vario EL III/elementar, Heraeus). Fresh
samples were used for all other measurements, but the data were calculated for dry
weight (105 C). Plant available PO4-P was determined by the Bray-P method68
and the chloroform-fumigation extraction method was used69 for microbial
carbon. Gross N mineralization was measured by the 15N-isotope pool dilution
method and soil organic carbon mineralization by CO2 evolution during 14 days of
incubation70. Soil pH was determined in deionized water. Soil data were gathered
for restored pasture beginning 2 years after re-establishment and for tree
plantations in the oldest existing plots. Calculation of SEM refers to equation (5).
Economics. The modelled (afforestation) or measured (pasture) biomass pro-
duction in the form of either timber volume (afforestation) or fodder for a speciﬁc
number of cattle (pasture) forms the ecological data to be evaluated using local
prices and costs. Local historical timber prices and harvesting expenses, reported in
Supplementary Data 1, were applied to the afforestation areas to estimate the net
revenues from timber production (see Supplementary Table 4 for biophysical
timber production and 18 for ﬁnancial household data). For pasture, extrapolation
of simulated grazing generates expected fodder yield, and the number of cattle that
can be fed is computed based on the measured nutrient value of the grass. Milk and
meat yield, as well as corresponding prices and costs are given in Supplementary
Data 1. The distribution of net revenues over the 20-year time period forms the
basis for economic valuation (Supplementary Table 9). The sum of all discounted
net revenues (NPV) is used to evaluate the economic returns from the various
land-use options and discounting based on discount rates of 5 or 8%. Payback
periods are calculated based on discounted net revenues (Supplementary Methods).
For the scenario ‘pasturing after forest clearing’ (BAU), upfront net returns from
forest clearing and pasture establishment were obtained from Knoke et al.43 and
combined with subsequent net revenues from low-input pasture management
(Supplementary Table 9). Uncertainty is modelled by means of MC simulation
(3,000 repetitions for each restoration option) for the annual net revenues used to
calculate NPV and payback periods. Here, net revenues are drawn as random
variables for every single year of the 20-year period considered from a normal
distribution with the previously estimated expected net revenue as the mean and
the s.d. indicated in Supplementary Table 9. After completing the annual
simulation of net revenues over the entire 20-year period, a random NPV and
payback period are computed for all iterations and SEM is calculated according to
equation (7). Year-to-year correlation is set to zero. This appears reasonable,
because average year-to-year correlation of revenues (average price obtained times
quantity produced) for 10 South American countries was 0.04±0.21 according to a
data set used by Knoke et al.59 Uncertainty coefﬁcients for the land-use options in
the study area are derived from coefﬁcients of variation published in an earlier
analysis43 in our study area. The coefﬁcients of variation reﬂect compounded s.d. of
prices and productivities from Food and Agriculture Organization of United
Nations time series data, as well as s.d. caused by failure due to ﬁre (coefﬁcients in
Supplementary Table 9).
Social assessment. The preferences of Saraguro and Mestizo farmers for the ﬁve
proposed land-use options were determined using a standardized questionnaire
(Supplementary Methods). This includes questions regarding the land-use pre-
ferences of the farmers and their arguments for preferring particular land-use
options, as well as information about household composition, ownership of
abandoned land and reasons for its abandonment. Two scenarios are tested—one
in which farmers reclaim the abandoned areas using their own means (without
subsidies) and a second in which farmers receive ﬁnancial support for major inputs
from external agencies (with subsidies).
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